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Since their invention, internal combustion engines have played a major role in the 
social and economic development of many countries by allowing people and goods to 
move from one place to another for longer distances and in shorter times. However, 
the negative environmental impacts of the widespread use of internal combustion 
engines in private and commercial vehicles have reached alarming values, with future 
prospects being much worse. In addition, fuel consumption and the dependency on oil 
imports of many countries have increased sharply in the past years as vehicle 
populations and use increased. The current trends are clearly unsustainable and thus 
new technologies are to be sought that can reduce both engine tailpipe emissions and 
fuel consumption. 
Hydrogen enhanced combustion has the potential of doing this. For this reason three 
engines – a carburetted petrol engine, a fuel injection petrol engine and a diesel 
engine – have been tested to investigate the effects of adding small amounts of 
hydrogen to the air intake of the engines on performance and HC, CO and CO2 
emissions. The engines were tested at different engine speeds and loads to simulate 
normal on-the-road operating conditions. The hydrogen was produced from the 
electrolysis of a solution of distilled water and sodium hydroxide using two different 
electrolyser designs. Both the hydrogen and oxygen that were produced by 
electrolysis were added to the engine‘s intake during the tests. The results show that 
the addition of hydrogen-oxygen is most effective in stabilizing and enhancing the 
combustion of lean air-fuel mixtures inside the petrol injected engine, allowing for 
lower HC, CO and CO2 emissions. Thus hydrogen enhanced combustion could play a 
role in stabilizing lean burn petrol engines. However, it also transpired that a major 
 
xx 
drawback of the technology is the energy input required to produce the hydrogen, 
which in most cases was higher than the increase in output resulting from the more 
efficient combustion. Thus system optimization and alternative means of energy input 




CHAPTER 1: INTRODUCTION 
1.1. Problem Background 
In the last years the transportation sector has expanded faster than any other, spawned 
by the social and economic development of industrialised countries (IPCC 2007a). 
Since 1970 the kilometres travelled annually by passenger cars in OECD
1
 countries 
increased from 2896 to 8276 billion kilometres in 2004 while goods transport vehicles 
travel increased from 454 to 1429 billion kilometres during the same period (OECD 
2011). Consequently energy consumption by the transport sector has increased at the 
rate of 3.2% per year from 1970 to 2008, accounting for 61.4% of the world‘s oil 
consumption in 2008. Likewise, emissions of carbon dioxide (CO2) from 
transportation increased by 46.6% between 1990 and 2008, making up 23% of world 
energy related CO2 emissions (IEA 2010a).  
Road vehicles
2
 are the dominant mode of transport, accounting for 77% of the energy 
consumed and 73% of the CO2 emitted by the whole transportation sector in 2004 and 
2008 respectively (IPCC 2007a, IEA 2010b). Since their invention, road vehicles have 
been powered by internal combustion (IC) engines and in 2007, 99% of the new 
vehicles sold globally were powered by either petrol or diesel IC engines (IEA 2009). 
Undoubtedly, therefore, IC engines have been crucial in enabling the social and 
economic development of most countries by allowing people to meet their social 
needs and by delivering freight and goods for longer distances and in shorter times.  
                                                 
1
 Organisation for Economic Co-operation and Development – made up of 34 of the world‘s most 
developed nations. 
2




However, this development can hardly be defined as sustainable when considering the 
United Nations General Assembly resolution
3
 60/1, which acknowledged that 
economic and social development and environmental protection are interdependent 
and mutually reinforcing pillars of sustainable development (UNGA 2005). This is 
even truer when considering the Brundtland report‘s (WCED 1987) definition of 
sustainable development which implied that natural resources have to be managed in 
such a way so as not to deprive future generations from their use. 
The main issues are that IC engines are inherently inefficient
4
 and thus consume much 
more energy than the work they do, while the combustion of fossil fuels produces 
CO2 and other pollutant gases. In fact, road vehicles also emit particulate matter (PM) 
and 41%, 70%, and 38% of global nitrogen oxide (NOx), carbon monoxide (CO) and 
hydrocarbon (HC) emissions respectively (Saravanan, Nagarajan 2008a). Road 
vehicles therefore contribute to: 
 Unsustainable energy consumption – between 1973 and 2008 transportation was 
responsible for 34% and 90% of the increases in world energy and world oil 
consumption respectively (IEA 2010b). 
 Energy dependency – 61% of the world‘s oil is produced by only 10 nations5 (IEA 
2010b). As more energy is consumed for transport the energy dependency of most 
countries increases, exposing and making them vulnerable to price fluctuations and 
shortages in supply. In addition, refining and transportation of crude oil produce 
further pollutant emissions and thus increase the negative lifecycle impacts of 
conventional vehicles. 
                                                 
3
 UNGA Resolution 60/1 2005 World Summit Outcome. 
4
 Typical efficiencies range between 20-40% at most depending on the operating conditions 
5





 Urban pollution – 75% of the populations of developed countries live in urban 
areas (UN 2008a) which are more exposed to pollution emitted from road vehicles 
and thus are more susceptible to health issues (McDonald et al. 2004). 
 Climate Change – The anthropogenic emissions of CO2 are causing the warming 
up of the earth‘s atmosphere through the greenhouse effect
6
. The consequences of 
which include increases in global temperatures, higher frequency of extreme weather 
events, sea level rise and many more (IPCC 2007b). 
 Environmental pollution – Exhaust emissions contribute to the formation of 
ground-level ozone (O3) and acid rain which harm eco-systems and vegetation, and to 
atmospheric nitrogen deposition, which causes eutrophication (EEA 2010a). 
It is therefore clear that the present trends in transportation must be changed, 
particularly given that while developing countries such as India and China will 
become more industrialized so will their demand for transportation
7
 increase. Also, by 
2050 the world‘s population is expected to increase by 2 billion from the present to 
count 9 billion, with the biggest increases occurring in developing countries, 
especially India and Pakistan (UN 2008b). This will inevitably reflect itself on the 
world‘s vehicle population, which is expected to reach 1.6 billion vehicles by 2030 – 
twice its size in 2000 (UNECE 2009). Furthermore, the travelling habits in developed 
countries are changing with people travelling longer distances, at higher speeds in 
bigger vehicles and equipped with the latest accessories, all factors that increase fuel 
consumption and exhaust gas emissions (Cuenot 2009, Capros et al. 2007). In fact, 
projections show that if nothing is done by 2030, transport energy use and related CO2 
                                                 
6
 Gases that cause the greenhouse effect, such as CO2, are therefore called greenhouse gases (GHGs). 
7
 In terms of number of vehicles per capita and also in kilometres travelled per person and in tonne-




emissions will increase by 80% with the share from non-OECD countries increasing 
from 36% at present to 46% (IPCC 2007a).  
Many developed countries have reacted to this (and for other reasons) by imposing 
strict regulations on the emissions and performance of vehicles and by preparing 
roadmaps and plans to switch to low carbon or carbon-free fuels (US DOE 2002a, EC 
2011a, IEA 2006). The long term ambition is to gradually switch from IC powered 
vehicles to electric or fuel-cell vehicles having a much lower life-cycle environmental 
impact. However, at present these are expensive and lack the range and performance 
of conventional vehicles and thus require some changes in driving habits (Pearre et al. 
2010, Rand, Dell 2005).   Mid-term solutions include switching from petrol and diesel 
fuelled IC engines to ones fuelled by compressed natural gas (CNG), liquid petroleum 
gas (LPG) and biofuels. But, the former two require substantial infrastructural 
investments while lately many doubts have been raised about the global benefits
8
 of 
using biofuels (FAO 2008, Russi 2008, UNEP 2009). Thus petrol and diesel vehicles 
still have a long lifetime ahead (Kimberly 2005). 
To meet the current emissions standards, petrol vehicles are being fitted with three-
way catalytic converters while diesel and lean petrol engines are fitted with a complex 
system comprising oxidation catalysts and PM filters
9
 (Tiwary, Colls 2010,  
Honeywell 2007). However these control technologies are expensive and can only be 
marginally improved (Kimberley 2005, EC 2005a). Additionally they increase fuel 
consumption and are very sensitive to the engine‘s operating conditions and to the 
quality of the fuel (Honeywell 2007, Tiwary, Colls 2010). In fact, roadside pollutant 
emission measurements in Europe show that the actual on-the-road emissions of 
                                                 
8
 When considering, amongst many others, competition with food, changes in land use and the required 
land areas, and the use of large scale non-sustainable agricultural processes. 
9




newer vehicles are not necessarily lower than those of older ones, even though they 
comply with stricter emission standards (Rhys-Tyler, Legassick & Bell 2011, 
Alvarez, Weilenmann & Favez 2008). 
Thus new technologies that improve fuel efficiency and simultaneously prevent 
pollutant formation at source are to be sought to make IC powered vehicles and thus 
transportation more sustainable. One of these technologies could be hydrogen 
enhanced combustion (HEC), which involves the addition of small amounts of 
hydrogen into the cylinders of an IC engine to enhance fuel combustion, resulting in 
potentially better performance and emission characteristics (Conte, Boulouchos 2004, 
Ji, Wang 2009). 
1.2. Aims of the Dissertation 
Considering the aims and policies of the European Union (EU) to be a leader in the 
construction of greener vehicles and in achieving global sustainability (EC 2001, EC 
2010), this dissertation aims to investigate the effects of HEC in three different IC 
engines on their performance and emission characteristics. This would help determine 
if HEC can play a role in achieving a more sustainable transportation system until 
cleaner technologies are fully developed and integrated. 
1.3. Dissertation Structure 
The dissertation is divided into six chapters. The first chapter introduces the 
background problem in relation to IC engines and sustainability. The second chapter 
reviews the technologies used to reduce pollutant emissions from IC engines, as well 
as work that has been carried out on HEC. It also briefly describes the future 




methods and hydrogen IC engines. Chapter three reviews the EU‘s transportation 
sustainability issues and its mitigation efforts. Chapter four describes the 
methodology used in carrying out the tests on three engines while the results of the 
tests are presented in chapter five. Chapter six summarizes the main findings from the 






CHAPTER 2: LITERATURE REVIEW 
In order to understand better how hydrogen enhancement can influence the 
combustion process so as to increase the engine‘s efficiency and decrease pollutant 
emissions, it is necessary to understand the basic concepts of how IC engines work 
and how pollutants are created and affected by the combustion process. In addition, 
the existing and emerging pollutant prevention and control technologies as well as 
previous work that has been done in this area are reviewed so as to identify how and if 
hydrogen enhancement can fill the gaps left open by these technologies in the quest 
towards more sustainable transportation. 
2.1. Internal Combustion Engines 
IC engines provide power to the majority of vehicles and can be divided into two 
major categories which operate on similar but slightly different thermodynamic 
cycles. The first category is that of spark ignition (SI) engines which operate on petrol 
fuel and require a spark from a spark plug to ignite the air-fuel mixture. The second 
category is that of compression ignition (CI) engines which operate on diesel fuel and 
take advantage of the increase in temperature of the air-fuel mixture during 
compression to ignite it. Mechanically both types of engines found in modern cars 
operate on a four stroke cycle; the ideal air standard (thermodynamic) cycles of SI and 





2.1.1. The Four Stroke Cycle 
IC engines operating on the four stroke cycle are so called because the piston 
performs four strokes to complete a cycle over two crankshaft revolutions. The four 
strokes represent the intake, compression, power and exhaust strokes which are 
repeated sequentially and continuously within each of the engine‘s cylinders. Each 
stroke takes half a crankshaft revolution to be completed and the main processes 
taking place in each are as follows (see Figure 1): 
 Intake: the piston starts at top dead centre (TDC10) and moves downwards towards 
the crankshaft with the exhaust valve closed and the intake valve open causing an air-
fuel mixture in SI engines or just air in CI engines to flow inside the cylinder.  
 Compression: as the piston reaches bottom dead centre (BDC11) the intake valve 
closes and the piston moves upwards again compressing the air-fuel mixture or the air 
inside the cylinder. 
 Power: as the piston approaches TDC during the last phases of the compression 
stroke the mixture inside the cylinder in SI engines is ignited by discharging an 
electric current via a spark plug, while in CI engines fuel injection starts as the 
increased temperature of the compressed air inside the cylinder causes the fuel to 
auto-ignite. The combustion of the fuel increases the pressure inside the cylinder 
which pushes the piston downwards again towards BDC, completing the power 
stroke. 
 Exhaust: with the exhaust valve open the piston moves up again towards TDC 
pushing the products of combustion out of the cylinder so that a new fresh charge 
could be taken in during the following intake stroke. 
                                                 
10
 The position of the piston when it is the farthest away from the crankshaft. 
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Figure 1: The four stroke cycle (for a SI engine) 
2.1.2. The Otto and Diesel Cycles 
As already mentioned, the four stroke cycle is a mechanical cycle that is common for 
both SI and CI engines, however the thermodynamic cycles of the two types of 
engines vary. The thermodynamic cycles are different from the mechanical cycle but 
the processes within them are related. Thermodynamic cycles represent ideal, 
theoretical cycles which try to model the thermodynamic processes undergone by the 
working fluid (i.e. air) inside an IC engine (Eastop 2003). As will be shown later, due 
to various thermodynamic, physical and mechanical constraints the performance of an 
IC engine in practice is always less than that predicted by the thermodynamic cycle 
model. Nonetheless, these models are very useful to understand better what goes on 
inside an engine and which parameters are most likely to affect the performance of an 
engine. The Otto and the Diesel cycles are the thermodynamic cycles used to model 
SI and CI engines respectively. The processes as modelled by these cycles and their 
relation to the four stroke cycle are shown in the table below, while the plots of these 






Table 1: Cycle processes 
Process*  Otto Cycle Diesel Cycle Four Stroke Cycle 
1-2 Isentropic compression Isentropic compression Compression stroke 
2-3 
Reversible constant volume 
heat input 
Reversible constant pressure 
heat input 
Start of power stroke 
(combustion) 
3-4 Isentropic expansion Isentropic expansion Completion of power stroke 
4-1 
Reversible constant volume 
heat rejection 
Reversible constant volume 
heat rejection 
Exhaust stroke 
* see   Figure 2 and Figure 3 
 
 
The major difference between the Otto and the Diesel cycles is that the addition of 
heat to the working fluid occurs at constant volume in the Otto cycle and at constant 
pressure in the Diesel cycle. This leads to a difference in the maximum efficiency that 


















can be attained by engines running on the two cycles. It could be in fact shown that 
the efficiency of the Otto cycle is: 
         
 
  
      (eqn.1.) 
Where    is the compression ratio: 
  
  





On the other hand, the efficiency of the Diesel cycle is given by: 
           
     
       
   
 
   (eqn. 2.) 




Therefore, as seen from equations 1 and 2, for a given constant compression ratio the 
efficiency of the Otto cycle is greater than the Diesel cycle. However, in practice SI 
engines are operated at lower compression ratios due to knocking and thus CI engines 
attain higher efficiencies (Cengel, Michael A. Boles 2002, Heywood 1988, Eastop 
2003). 
The Otto and the Diesel cycles assume isentropic compression during the 





addition, it also assumed that throughout the whole process the only fluid in the 
system is air and that only heat is transferred (addition/rejection) across the system 
boundaries. However, in real IC engines the air is mixed with the fuel and heat 
addition occurs by combusting the air-fuel mixture – a process which is far from 
being reversible and which changes the thermodynamic properties of air (Rogers, 
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 No heat is transferred to or from the fluid during the process (Rogers, Mayhew 1992). 
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 The fluid changes state through a continuous series of equilibrium states. Reversibility is an idealistic 




Mayhew 1992). Also, heat losses occur continuously through the cylinder walls, 
meaning that in reality both compression and expansion are not isentropic. This 
results in differences between the real and ideal cycle of SI and CI engines as shown 




Another important difference between the ideal and real cycles is that in a real cycle 
the engine has to perform pumping work to suck and expel air during the intake and 
exhaust strokes respectively, while it also has to overcome the friction (and other 
Figure 5: Ideal and actual Diesel cycle (Eastop 2003) 




mechanical losses) between its moving components. The pumping and frictional 
losses in a real cycle can be calculated using an indicator diagram
14
 (seen in Figure 6) 
and the following relations (Eastop 2003): 
                                                                                    (eqn.3.) 
Where C is a constant that is dependent on the instrument used to plot the indicator 
diagram. 
 
Figure 6: Engine Indicator diagram (Eastop 2003) 
The frictional losses can be calculated from the relation: 
                                                  (eqn.4.) 
The indicated power (ip) of the engine, i.e. the rate of work done by it, is given by: 
    
      
 
 (eqn.5.) 
Where A is the area of the piston, L is the length of the stroke, N is the engine speed, n 
is the number cylinders and pi is the mean effective pressure
15
, given by: 
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 A p-V diagram plotted from measurements taken from a running engine. 
15
 The mean effective pressure is the height of a rectangle plotted on a p-V diagram having the same 
area and length of the cycle, the higher it is the more work the engine does (Rogers, Mayhew 1992). 
The mean effective pressure is used to make it possible to compare the indicated power (Indicated 
mean effective pressure – IMEP) and brake power (Brake mean effective pressure – BMEP) of 











     
                                       
                    
  (eqn.6.) 
The brake power (bp), i.e. the net output power measured at the shaft, is given by: 
        (eqn.7.) 
With T being the measured engine output torque. 
2.1.3.  The Dual-Combustion Cycle 
In order to make the ideal cycles more similar to the real cycles, the Dual-Combustion 
cycle model has been devised. In this cycle heat addition is modelled to occur partly 
at constant volume and partly at constant pressure (see Figure 7), thus describing 
more realistically the heat addition occurring in both SI and CI engines (Cengel, 
Michael A. Boles 2002). 
For the dual-combustion cycle the efficiency is given by: 
                    
      
                  
   
 
   (eqn. 8.) 
Where k is the ratio of pressures 
  
  
 and    
  
  
. When k = 1, equation 3 becomes like 
equation 2. 











Process 1-2: Isentropic compression 
Process 2-3: Reversible constant volume 
heat input 
Process3-4: Reversible constant pressure 
heat input 
Process 4-5: Isentropic expansion 






Combustion is a complex process that plays a vital role in IC engines and is different 
for SI and CI engines. This difference arises from the fact that in the two types of 
engines the in-cylinder conditions are different thereby leading to differences in the 
way that combustion occurs. In a SI engine the air-fuel mixture is at a temperature 
below the auto-ignition temperature of the fuel and thus an external input (in the form 
of an electric spark) is required to initiate the combustion process. This means that the 
air and fuel can be mixed together inside the cylinder without igniting
16
 until the spark 
is set off. This is then succeeded by the following phases: 
 Spark ignition and early flame development: the stage of combustion immediately 
following the electrical discharge from the spark plug in which the flame develops up 
to the point where about 10% of the charge mass is burnt.  
 Flame propagation and termination: the flame propagates from the initiation zone 
outwards towards the walls of the cylinder, burning the remaining 90% of the fuel and 
leading to its termination. The crank-angle interval required for this phase is called the 
rapid-burning interval (Benson, Whitehouse 1979, Conte, Boulouchos 2004, Ji, Wang 
2009). 
Conversely, in CI engines the air is compressed to a pressure which causes its 
temperature to exceed the auto-ignition temperature of the fuel. Once this has been 
achieved the fuel is injected into the cylinder thereby auto-igniting and starting off the 
combustion process. Fuel injection continues even after combustion has started. The 
main phases of combustion in a CI engines are the following: 
                                                 
16
 Given that no pre-ignition or auto-ignition occurs due to hot spots, excessive compression ratios, etc. 




 Ignition delay: the time interval between the start of fuel injection and the start of 
combustion during which the fuel droplets evaporate and mix with the air inside the 
cylinder. 
 Pre-mixed combustion: also termed rapid combustion, is the rapid burning of the 
fuel (at different locations) which during the ignition delay and during this same 
phase has mixed sufficiently with air to ignite, resulting in high heat release rates. 
 Mixing Controlled Combustion: combustion that is controlled by the rate at which 
the remaining fuel and air mix adequately for burning. 
 Late Combustion: results from the combustion of the last remaining fuel molecules 
in fuel rich regions by mixing with air during the expansion stroke (Heywood 1988, 
Benson, Whitehouse 1979). 
The different phases in the combustion process are influenced by factors such as in-
cylinder temperature and pressure, load, speed, air-fuel ratio and mixing inside the 
cylinder. The phases of combustion influence the rate of pressure rise inside the 
cylinder as seen on a pressure-crank angle diagram and have an effect on the heat 
release and mass fraction burn rates inside the cylinder, thus affecting engine 
performance and pollutant formation (Heywood 1988, Benson, Whitehouse 1979, 





respectively. In both figures, combustion starts at the point 
where the solid lines depart from the dotted line (labelled motoring and showing the 
pressure changes inside the cylinder with crank angle without combustion). As can be 




peak (termed peak pressure
17
) followed by a drop in pressure signifying that the 
expansion stroke has started and combustion ended. 
 
 
Combustion is actually an exothermic chemical reaction where the fuel molecules are 
oxidized at high temperature by the oxygen present in air, thus delivering the heat 
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 The higher and the closer peak pressure occurs to TDC (but after it), the more work is done by the 
engine. 
Figure 9: Pressure – crank angle diagram for a CI engine for different injection timings (Ganesan 2006) 




input and in-cylinder pressure rise required to perform work as modelled by the 
Diesel and Otto cycles. Ideal combustion for petrol and diesel can be represented by 
the following chemical equations (Cengel, Michael A. Boles 2002): 
Petrol (Octane): C8H18 + 12.5O2 → 8CO2 + 9H2O (eqn. 9.) 
Diesel (Dodecane): C12H26 + 18.5O2 → 12CO2 + 13H2O (eqn. 10.) 
As can be seen from equations 9 and 10, ideal combustion leads to the formation of 
CO2 which is a major greenhouse gas (Elsom 1997), and water. In reality, however, 
due to the facts that: i) air is made up of nitrogen and some other minor constituents; 
ii) petrol and diesel are not really pure octane and dodecane respectively but a 
complex mix of compounds and include traces of sulphur, nitrogen and lead
18
; iii) 
perfect air-fuel mixing does not occur; iv) nitrogen and sulphur are also oxidized 
while some carbon is only partially or not at all combusted, pollutants like nitrogen 
oxides (NOx), sulphur oxides (SOx), hydrocarbons (HCs), carbon monoxide (CO) and 
particulate matter (PM) are also formed during combustion (Tiwary, Colls 2010).  
From equations 9 and 10 it also transpires that for ideal combustion to take place there 
is a definite amount of oxygen that is required to react with a given amount of fuel. 
Thus the term air-fuel ratio (AFR
19
) is used to describe the amounts of oxygen 
(present in air) available to react with the fuel in an air-fuel mixture. The AFR which 
contains the exact quantities of air and fuel as required by the ideal chemical equation 
is called the stoichiometric AFR. The AFR of the mixture used to operate an IC 
engine has a great influence on the engine‘s performance and emission characteristics. 
As shown in Figure 10 for a SI engine, as the mixture is made leaner the specific fuel 
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 Although lead is no longer used in petrol mixes in most countries, in some countries, like Algeria 
and North Korea, petrol sold at filling stations still contains lead (UNEP 2011). 
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consumption (s.f.c.) decreases (i.e. the efficiency increases) to reach a minimum  at 
Lambda
20
 ≈ 1.1, after which the onset of misfires at the lean limit causes the 
efficiency to decrease. However, the output power (shown in terms of BMEP) is 
decreased at this same point relative to stoichiometric mixtures because of the reduced 
energy input to the engine. Maximum output power, on the other hand, occurs when 
the mixture is slightly rich, at Lambda ≈ 0.8, but at this point the s.f.c is higher than 
for stoichiometric mixtures. Figure 11 shows the effect of the AFR on the emissions 
of IC engines. As can be seen, HC and CO emissions decrease with increasing AFR 
while CO2 emissions peak at the stoichiometric AFRs. Emissions of NOx peak at 
slightly lean mixtures (at Lambda, λ ≈ 1.1) due to the abundant presence of oxygen 
and sufficiently high combustion temperatures (Cengel, Michael A. Boles 2002, 
Heywood 1988, Eastop 2003, Benson, Whitehouse 1979).  
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 The ratio of the actual air-fuel ratio to the stoichiometric air-fuel ratio (λ). Its inverse is called the 
equivalence ratio (ɸ) i.e. actual fuel-air ratio to stoichiometric fuel-air ratio. 





This shows that there is a compromise that is to be reached when determining the 
AFR to use in engines in order to reduce pollutant emissions whilst reducing engine 
size and fuel consumption. The formation mechanisms and ways of preventing and 
controlling these emissions will be discussed in more detail in sections 2.2 and 2.3. 
Pollutant formation and engine efficiency are also effected by dissociation, which 
occurs during high temperature combustion (>1500K). Dissociation is an endothermic 
reaction (see Figure 12) where molecules break-up into their constituents, reversing 
the combustion reaction as shown in the example for carbon dioxide below: 
 2CO2  2CO + O2   (eqn. 11.) 
Chemical equilibrium, which is a function of the partial pressure and temperature of 
the constituents, is reached when the rate of formation and the rate of break-up of the 
molecules are equal. The energy released during the combustion process is therefore 
less than what would be achieved if dissociation did not occur (Eastop 2003). 





2.2. Pollutant Emissions from Internal Combustion Engines 
2.2.1. Oxides of Nitrogen 
Oxides of nitrogen can be found in the atmosphere due to various natural and 
anthropogenic activities. In general the term oxides of nitrogen encompasses a large 
number of compounds like nitric oxide (NO), nitrogen dioxide (NO2), nitrous oxide 
(N2O), denitrogen trioxide (N2O3), denitrogen tetroxide (N2O4), denitrogen pentoxide 
(N2O5) and nitric acid (HNO3) (Skalska, Miller & Ledakowicz 2010).  However, from 
a pollution control point of view, the term NOx usually refers to NO and NO2 since 
the other compounds are not known to have any biological importance (Elsom 1997), 
even though lately N2O has been receiving more attention due to its high GWP value 
(Yamada et al. 2011). NO and NO2 are considered as primary pollutants because of 
their adverse health effects on humans and the environment, while at the same time 




they are precursors to secondary pollutants like ground-level ozone (Skalska, Miller & 
Ledakowicz 2010). 
The major sources of NOx are the emissions resulting from the combustion of fossil 
fuels in the internal combustion engines of cars and in power plants (Roy, Hegde & 
Madras 2009). The emissions of NOx in IC engines is mainly made up of NO, 
typically consisting of 95% NO and 5% NO2 for petrol engines and 80% NO and 20% 
NO2 for diesel engines (Tiwary, Colls 2010). NO formation in IC engines occurs due 
to three main mechanisms: 
 Thermal NO formation, which is characterized by the oxidation during combustion 
of nitrogen present in air
21
 at temperatures higher than 1000°C to form NO (Elsom 
1997), where the formation rates increase with temperature and oxygen content. The 
formation of thermal NO occurs by the Zeldovitch mechanism as shown in the 
equations below (Tiwary, Colls 2010): 
N2 + O → NO + N (eqn.12.) 
N + O2 → NO + O  (eqn.13.) 
 Fuel NOx formation, formed by the N content of fuels which is higher in diesel 
than it is in petrol but the levels are usually low (Heywood 1988). 
 Prompt NO formation, due to the reaction of nitrogen in air with hydrocarbon 
fragments to form compounds like HCN and H2CN, which are then oxidized to form 
NO in the lean flame zone (Roy, Hegde & Madras 2009). Prompt NO is formed at 
low temperatures and in fuel rich conditions where residence times are short (Roy, 
Hegde & Madras 2009, Conte, Boulouchos 2004). 
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Thermal NO formation is the most predominant in IC engines and most of its 
formation occurs after the flame (Heywood 1988, Tiwary, Colls 2010, Benson, 
Whitehouse 1979), even though in heavily diluted
22
 mixtures the amount of NO 
formed at the flame front constitutes a more significant amount of the final 
concentration due to the reduced post-flame NO formation (Heywood 1988). Exhaust 
NO concentrations inside the cylinder are typically lower than the chemical 
equilibrium values up to the point of peak NO formation, after which the NO 
concentrations drop off slightly and remain relatively constant at levels above the 
chemical equilibrium values for the given conditions (Benson, Whitehouse 1979). 
This means that NO formation and dissociation are also time dependant i.e. they are 
rate limited. The rate of formation of NO at the combustion temperatures lags behind 
the equilibrium values thus lower NO is formed. However the rate of dissociation of 
NO into N2 and O2 after peak NO formation is also slow and thus as the temperature 
inside the cylinder starts falling as the gases expand, the concentrations of NO freeze 
and remain approximately constant above equilibrium values (Heywood 1988, 
Benson, Whitehouse 1979). 
NO formation is mainly affected by the AFR of the mixture, the residual gas 
fraction
23
 inside the cylinder and by the ignition timing
24
 since in turn these influence 
the in-cylinder temperatures and pressures. In very lean and rich mixtures NO 
formation is low because of lower peak combustion temperatures due to high levels of 
dilution
25
 in very lean mixtures, and to the reduced availability of oxygen in rich 
mixtures. Peak NO formation occurs in slightly lean mixtures (λ ≈ 1.1) and in close to 
stoichiometric mixtures in SI and CI engines respectively because of the abundant 
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availability of oxygen and relatively low dilution resulting in high peak combustion 
temperatures. NO formation drops sharply as the mixtures become richer and leaner 
(Heywood 1988, Benson, Whitehouse 1979). 
Increasing the residual gas fraction reduces peak combustion temperatures by 
increasing the heat capacity of the charge inside the cylinder. This can be achieved by 
overlapping the opening of the intake and exhaust valves and by EGR (Heywood 
1988, Benson, Whitehouse 1979). Retarding the ignition timing lowers NO emissions 
because fewer amounts of already combusted gases are compressed by the piston 
before it reaches TDC resulting in lower peak in-cylinder temperatures and pressures. 
However, these strategies affect negatively the efficiency and power output of the 
engine (Heywood 1988, Benson, Whitehouse 1979, Lilik et al. 2010). 
As said earlier, the NO2 fraction in overall NOx emissions is very small in petrol 
engines but can be considerable in diesel engines. NO2 formation can be explained by 
the equation below, where the OH radicals found at the flame front can react with NO 
to convert it to NO2 (Heywood 1988).  
NO + H2O → NO2 + OH (eqn.14.) 
Under normal circumstances the NO2 reacts with atomic oxygen to form NO and O2, 
which is what happens in petrol engines, but in diesel engines the non-uniformity and 
mixing of the mixture causes the NO2 to freeze upon mixing with a cooler part of the 
mixture and hence result in higher concentrations of NO2 (Heywood 1988). 
2.2.2. Carbon Monoxide 
Carbon monoxide is a by-product of combustion resulting from the partial oxidation 




formation of CO is therefore highly influenced by the AFR of the mixture and 
increases steadily with increasing fuel richness. In lean mixtures the formation of CO 
does not vary significantly with AFR yielding CO mole fractions in the order of 10
-3
 
(Heywood 1988). However, leaning the mixture too much can result in increased CO 
concentrations due to the degradation of the combustion process resulting in lower 
combustion temperatures which impair the full oxidation of the carbon present in the 
fuel (Ji, Wang & Zhang 2010). Measured CO concentrations in exhaust gases are 
higher than the equilibrium values at those conditions but are lower than the peak 
values occurring inside the cylinder, thus showing that CO emissions are rate 
controlled (Heywood 1988, Benson, Whitehouse 1979). At peak temperatures and 
pressures the CO formation rate is faster than the other process occurring inside the 
cylinder, thus chemical equilibrium is maintained. However during the expansion 
stroke and as the exhaust valve opens the equilibrium is lost due to the reduced 
pressures and temperatures. The CO concentrations in the exhaust gases are not 
uniform but depend on the time when that part of the gases was combusted and 
ejected from the cylinder. The actual rate limiting factors were found to be the radical 
recombination reactions like that of hydroperoxyl (HO2) (Heywood 1988). The CO 
emissions of diesel engines are very low compared to those of petrol engines without 
after-treatment control devices because they operate on lean AFRs (Tiwary, Colls 
2010). 
2.2.3. Hydrocarbons 
Hydrocarbon emissions result from the partial oxidation of fuel or from the ‗leakage’ 
of the fuel into the environment and are a sub-group of volatile organic compound 




methane hydrocarbon (NMHC) emissions. Typically atmospheric HC measurements 
are done in terms of NMHC concentrations since methane concentrations used to have 
a constant background level (Tiwary, Colls 2010) but in the case of exhaust gases 
emissions the total hydrocarbons (THCs) are measured (Yamada et al. 2011). 
However, Regulation (EC) No. 715/2007
26
 of the European Parliament and Council 
sets limits for both NMHC and THC emissions. HC emissions from vehicles can also 
be sub-divided into two groups according to the source – evaporative HCs and 
combustion HCs.  
Evaporative HCs are independent of the combustion process and result from the 
evaporation of fuel from the engine and the fuel system, displacement of fuel tank 
gases during fill-up and by fuel blow-by
27
. Combustion HC emissions depend on 
various factors but in general these can be attributed to inefficiencies in the 
combustion process and are the HC emissions that can be measured at the tailpipe of 
the vehicle.  
Combustion HC emissions are made up of hundreds of molecules of different species 
with the main families being alkynes (e.g. Ethyne – C2H2), alkenes (e.g. Ethene – 
C2H4), alkanes (e.g. Methane – CH4) and aromatics
28
 (e.g. Benzene – C6H6) (Tiwary, 
Colls 2010, Yamada et al. 2011). Also, some non-HC VOC emissions (e.g. 
Formaldehyde HCHO), known as oxygenates, result from the combustion of fuels 
(Heywood 1988, Tiwary, Colls 2010). 
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directing the air coming out of the crankcase to the air inlet of the engine. 
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 Aromatic compounds are unsaturated compounds that contain closed rings of carbon atoms. Some 




The formation of combustion HC emissions can occur in various mechanisms with the 
simplest being misfires and bad combustion quality due to overly lean and/or overly 
rich mixtures, where the unburnt fuel is exhausted and emitted as HCs. Another 
mechanism is flame quenching at the cylinder wall which occurs due to the heat 
transfer occurring at the thermal boundary layer of the cylinder wall, which reduces 
the flame temperature in the region to a value below the ignition temperature of the 
mixture. The flame in this region is thus extinguished leaving the hydrocarbons 
molecules present in it unburnt or only partly reacted. The thickness of this layer
29
 is 
called the quench distance and typically varies from 0.008cm to 0.038cm for SI 
engines and varies with load, AFR, combustion temperature and pressure, cylinder 
wall surface roughness and temperature (Heywood 1988, Benson, Whitehouse 1979). 
The quenching distance is a parameter than also affects and contributes to the crevice 
HC formation mechanism. Crevice HC formation results from the inability of the 
flame, due to quenching, to penetrate into crevices and small spaces found within the 
combustion chamber, thus leaving the HC found within them unburnt. Typical crevice 
spaces are found around the valves and the cylinder head, between the piston and the 
cylinder wall, in between piston rings and also spark plug threads and injector sac 
volumes. Absorption of the fuel vapours by lubricating oil found inside the cylinder 
during the intake and compression stroke and their subsequent release during the 
expansion and exhaust stroke is another mechanism leading to HC formation. 
After HC formation, part of the HC are oxidized upon mixing with the other burnt 
gases inside the cylinder as a result of piston movement and pressure differentials 
after combustion within the crevices which expel the unburnt mixture in them and 
into the cylinder. For maximum HC oxidation and thus emissions reductions, higher 
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combustion temperatures, gas mixing and residence time before exhaust are very 
important. Further oxidation of HCs also occurs in the exhaust system of the engine 
(Heywood 1988, Benson, Whitehouse 1979). 
Diesel engines emit HCs of higher molecular weight than petrol engine, the typical 
ranges varying from C8 to C28 in diesel and C5 to C12 in petrol engines (Heywood 
1988, Tiwary, Colls 2010). 
2.2.4. Particulate Matter 
Particulate emissions are made up of elemental carbon, HCs, volatile organics, 
sulphur compounds and other species, varying in size and composition. In general PM 
emissions are characterized by solid carbonaceous particles with adsorbed and 
condensed organic and/or inorganic compounds on their surfaces, and nucleation 
particles of condensed HCs and sulphate. Traces of metallic particles can also be 
found (Burtscher 2005, Matti Maricq 2007). Particulate matter emissions are typically 
associated with diesel engines since petrol engines emit a much smaller amount, even 
though they emit as much nano-particles (≈ 10
14
 per km) as diesel engines do at high 
speed conditions (Tiwary, Colls 2010).  
Soot
30
 formation results from the incomplete combustion of the fuel hydrocarbons, 
and minimally by lubricating oil, in rich mixtures. The highest particulate 
concentrations inside the cylinder are in fact observed in the core of the fuel spray 
where the local mixture is very rich. The carbon/oxygen (C/O) ratio is an essential 
factor in soot formation mechanisms. The critical C/O ratio is the ratio beyond which 
soot is formed. Theoretically its value should be equal to unity but experimental 
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results show that it could have values ranging from 0.5 to 0.8 depending on the 
experimental setup, fuel composition and temperature (Heywood 1988). The higher 
the actual C/O ratio value is relative to the critical value, the faster is the soot 
formation rate, which also increases with increasing pressure. Thus allowing for more 
mixing of the mixture before ignition can reduce PM emissions. In CI engines this can 
be achieved by advancing ignition timing because the further away injection starts 
from TDC the lower are the in-cylinder temperatures and pressures which result in a 
bigger ignition delay (Matti Maricq 2007). 
Depending on temperature, respective partial pressure and the time of formation 
inside the cylinder, the volatile compounds can either nucleate to form new particles, 
condense on or be adsorbed by existing particles or remain in the vapour phase. 
Particulate formation occurs in three main stages during and after the combustion 
period as described below: 
 Nucleation mode: particles formed from the condensation of volatile organic, HCs 
and sulphur compounds and from the formation of solid carbon and metallic 
compounds by the combustion process. In this phase the total mass of the formed 
particles is only a fraction of the final mass but their number is very large. Typically 
the diameter of these particles is below 50nm (Yamada et al. 2011).  
 Accumulation mode: at the peak nuclei formation, the number of particles reaches a 
value where collisions between the particles become very frequent. As the particles 
collide they unite and nucleation stops because the surface area available for 
deposition increases and thus the number of particles starts to decrease.   At this stage 
surface growth also occurs where the condensation of other species in the vapour 




increase. After surface growth stops, the particles continue to increase in size by 
aggregating into clusters or chains having aerodynamic diameters larger than 50nm 
(Yamada et al. 2011). 
 Coarse mode: as the particles formed inside the cylinder are exhausted they pull 
out other larger particles that were previously deposited on the walls of the exhaust 
system. These particles typically have the largest diameters. 
Pyrolysis
31
 of the fuel molecules leads to the formation of the initial condensed and 
solid nucleation mode particles with the process depending on the formation 
temperatures. At temperatures below 1700K aromatic compounds can form soot 
quickly by condensation of the aromatic rings – PM emissions are in fact related to 
the aromatic content of the fuels (Matti Maricq 2007). Aliphatic
32
 compounds form 
soot by braking up into smaller hydrocarbon fragments that polymerize into large 
unsaturated molecules which form soot nuclei at temperatures of around 1800K 
(Heywood 1988). 
After soot concentration reaches a peak, it starts decreasing due to its oxidation, 
forming CO and CO2, when mixing with leaner parts of the mixture before being 
exhausted. Soot that has mixed early in the process is usually fully oxidized by the 
time it is exhausted but soot that mixed later is oxidized to a much lower extent and 
contributes significantly to the final soot emissions. The main reason for this is the 
reduction in temperature inside the cylinder as the gases expand, impairing soot 
oxidation. Soot oxidation rates are in fact a function of temperature and the partial 
pressure of the oxygen. The surface to volume ratio of the soot particles is also an 
important factor as more sites are available for oxidization relative to the size of the 
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particle. At atmospheric conditions, the presence of the radical OH showed to be more 
effective in oxidizing soot than O2 and thus its presence inside the cylinder might also 
accelerate soot oxidation (Heywood 1988). 
Due to the complex composition of PM, these can be divided into the solid non-
extractable fraction and the extractable fraction. The extractable fraction, also termed 
the soluble organic fraction (SOF), is made up of organic compounds with high 
molecular weights, HCs, oxygenates, polycyclic aromatic compounds containing 
oxygen, nitrogen and sulphur and are separated from the rest by the extraction into a 
solvent such as methylene chloride (Tiwary, Colls 2010). 
The formation of sulphur compounds, mainly SO2 and SO3 depends on the sulphur 
content in the fuel and are emitted as gases which later in the exhaust stroke and in the 
presence of water vapour form sulphate particles and sulphuric acid aerosols. Lead 
particles used to make up a significant portion of PM emissions due to its presence in 
leaded petrol and in fuel additives
33
 that increased the octane rating of petrol but this 
is no longer an issue (Tiwary, Colls 2010). 
2.3. Pollutant Emissions Reduction and Control Technologies 
The strive towards more environmentally friendly and sustainable vehicles has led to 
the adoption of various policies and legislation (see Chapter 3) that require vehicles to 
be fitted with emission prevention and control measures. These measures can be 
divided in to two main categories: i) Engine Internal Measures (EIM), based on in-
cylinder pollutant formation prevention, and; ii) After-treatment methods, based on 
pollutant control and reduction after their formation. These technologies can be used 
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in conjunction to provide the best solution, but as will be seen later on, the reduction 
in emissions resulting from both methods generally results in increased fuel 
consumption and thus an increase in CO2 emissions. In addition most of these 
technologies cannot be used for all engine types (diesel, petrol, lean petrol). 
2.3.1. Engine Internal Measures 
2.3.1.1. Exhaust Gas Recirculation 
Exhaust gas recirculation (EGR) can be used in both petrol and diesel engines to 
reduce the formation of NOx inside the cylinder. EGR works by redirecting a small 
part of the exhaust gases into the cylinder so that the combustion temperature is 
reduced thereby reducing thermal NOx formation. The reduction in combustion 
temperatures occurs because: 
 The recirculated exhaust gases have a higher specific heat capacity than that of air 
and thus lower combustion temperatures are obtained for the same amount of heat 
released (Maiboom, Tauzia & Hétet 2008). 
 Dilution of the mixture which reduces the O2 concentration of the mixture resulting 
in lower rates of heat release and in reduced flame temperatures (Maiboom, Tauzia 
& Hétet 2008).  
EGR can be carried out either using an external circuit or inside the cylinder by 
opening the inlet and exhaust valves simultaneously – the lower pressure at the inlet 
manifold and inside the cylinder sucks backs some of the exhaust gases. The amount 
of EGR that can be allowed inside the cylinder is limited to about 50% at low loads 
decreasing to 0% as the load increases (TNO 2005), even though this can be increased 




Hamdeh 2003). Increased flow-range turbo charging would also allow for higher EGR 
rates while also benefiting engine power and efficiency. 
However, EGR can lead to reductions in combustions efficiency, increasing the fuel 
consumption and the emissions of CO and HC (Maiboom, Tauzia & Hétet 2008, Abu-
Hamdeh 2003). Reduced oxygen concentration by EGR also impairs sooth oxidation 
leading to increases and changes in the composition of PM emissions (Matti Maricq 
2007). 
2.3.1.2. Advanced Fuel Injection Systems 
Higher injection pressures, smaller injector holes and multiple injections all result in 
enhanced mixing of the air-fuel mixture leading to a reduction in local peak 
temperatures and equivalence ratios thus decreasing the formation of all pollutants.  
Retarding injection timing in diesel engines also reduces NOx as this lowers the peak 
pressure and shifts it to a later stage in the expansion stroke (Rajasekar et al. 2010). 
2.3.2. After-Treatment Control Measures 
2.3.2.1. Three-Way Catalysis (TWC) 
Three-way catalysis has been used extensively in petrol engine powered vehicles 
since the 1980s to reduce CO, HC and NOx emissions simultaneously. Given that 
optimal operating criteria are met, the catalytic converter can reduce the emissions of 
the mentioned pollutants by up to 95% (Santos, Costa 2008). For effective decreases 
in the concentrations of all three pollutants the air-fuel mixture has to be kept at 
stoichiometric or slightly on the rich side to ensure that a reducing environment is 
present in the exhaust gases so that NO can be reduced to N2 and the released oxygen 




concentrations of N2, H2O and CO2 closer to equilibrium while CO, HC and NO 
concentrations are reduced. Due to cyclic variations, control delays
34
 and the 
difficulty to maintain the fuel mixture at exactly the right composition, ceria (CeO2) 
or zirconia are added to the catalyst washcoat to increase its oxygen storage capacity. 
Thus, when the mixture is lean the excess oxygen will be stored by converting the 
CeO2 to CeO3 while under fuel rich conditions the extra oxygen will be given off to 
oxidize the CO and HCs (Heywood 1988, Tiwary, Colls 2010).  
The catalysts used are usually a mix of Rhodium (for NO reduction), Palladium (for 
the oxidation of CO, CH4 and olefins) and Platinum (for the oxidation of paraffin 
HCs) which are usually in fine particle form impregnated on a porous washcoat 
(usually of alumina – Al2O3) on a supporting metallic (e.g. Fecralloy) or ceramic 
structure (e.g. Cordierite – Mg2Al4Si5O18) (Santos, Costa 2008). The catalytic 
materials are scattered on the washcoat to avoid particle-to-particle contact and thus 
minimize sintering between them which would result in a lower surface area to 
volume ratio thereby reducing the effectiveness of the converter. 
As mentioned, TWC converters operate effectively only at close to stoichiometric and 
slightly rich mixture conditions (see Figure 13), affecting fuel economy negatively, 
and excluding their use in lean petrol and diesel engines. TWC effectiveness is also a 
function of the operating temperature. At temperatures below the light-off value
35
, 
typically close to 300°C, the conversion efficiency
36
 is low, thus until the converter 
warms up the reduction in emissions is small. This becomes an issue in vehicles that 
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 A Lambda sensor is used to monitor the oxygen content in the exhaust gases so that the ECU can 
vary the air-fuel ratio to keep it within the allowable Lambda window for effective emission 
reductions. 
35
 The light-off temperature is the temperature at which the conversion efficiency reaches 50%. 
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 Converter efficiency is defined as the ratio of the mass removal rate of a pollutant (the difference 




are used for short trips or during traffic start-stop conditions where the exhaust gas 
temperature is relatively low. TWC converters also suffer from lead poisoning
37
 and 
thermal degradation because noble metal particles sinter at temperatures between 500-
900°C as experienced during normal operating conditions and thus their lifetime is 
typically close to 100,000km. 
 Also, hydrogen sulphide H2S can form due to the sulphur content in fuels during rich 
operation because sulphur is stored in the TWC converter during lean and 
stoichiometric operation and released at richer conditions (Tiwary, Colls 2010). This 
could also lead to the emissions of sulphuric acids aerosols, depending on the amount 
of oxygen present in the exhaust.  
 
2.3.2.2. NOx Storage and Reduction 
NOx storage and reduction is carried out in two stages. During lean operation, the NOx 
is trapped by adsorption on the surface of an adsorbent and during fuel rich operation 
the CO, H2 and HCs react with it to yield H2O, N2 and CO2. The storage materials are 
usually alkaline earth metals or alkaline metals (e.g. Barium – Ba) and noble metals to 
form a mix of, for example, Pt-Ba/Al2O3. Trapping of NO is achieved by converting it 
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to NO2 over a catalyst which is then adsorbed on the surface of barium oxide (BaO) as 
barium nitrate (Ba(NO3)2). At lean conditions, CO and HCs are easily oxidized and 
low in concentration. During fuel rich operation the CO, H2 and HCs react with the 
nitrate to result in an overall reduction in all the pollutant concentrations (Roy, Hegde 
& Madras 2009). 
High conversion efficiencies ranging from 50-65% can be achieved depending on the 
operating temperature but storage at low temperatures is limited to above 200°C while 
the maximum temperature should not exceed 500°C (TNO 2005). A major issue of 
NSR is poisoning by sulphur that can occur either by the reaction of SO2 with Al2O3 
to form aluminium sulphate (Al2(SO4)3) or by direct competition of SO2 with NO2 for 
BaO, even though this can be reduced by using Rh and TiO2 (Skalska, Miller & 
Ledakowicz 2010, Roy, Hegde & Madras 2009, Matti Maricq 2007). NSR converters 
also suffer from low thermal durability (Matti Maricq 2007) and, even if low sulphur 
fuels are used, it is unsure if they can operate effectively for distances of up to 
100,000km (TNO 2005). 
2.3.2.3. Oxidation Catalysts 
Oxidation catalysts oxidize the CO, HCs and PM present in the exhaust gases to CO2 
and H2O. Excess oxygen is therefore required in the exhaust gases that can be 
achieved either by using lean mixtures or by injecting fresh air into the exhaust. 
Catalytic materials used are platinum and palladium and the construction of catalytic 
oxidation converters is similar to that of TWC converters. The reduction in HC 
emissions also results in reductions in PM emissions because less HCs nucleate or 




oxidized to SO2 and SO3, thus increasing the particulate emissions and yield sulphuric 
acid if reacted with water vapour (Matti Maricq 2007). 
Oxidation catalysts therefore should to be used with low sulphur fuels so as not to 
cause more harm than good and like TWC converters are poisoned by lead (Pb). 
Legislation in favour of low sulphur diesels and unleaded petrol have therefore 
benefited the implementation of oxidation and TWC converters. However they are 
still prone to poisoning by the Phosphorus (P) in lubricating oil (Heywood 1988). 
2.3.2.4. Selective Catalytic Reduction 
NOx emissions can be reduced by selective catalytic reduction (SCR) by adding urea 
(CO(NH2)2) to the exhaust gases. Urea hydrolyses and releases NH3 and CO2 as 
shown in the following equation: 
CO (NH2)2 + H2O → CO2 + 2 NH3 (eqn.15.) 
The NH3 then reacts with NOx and O2 to yield H2O and N2: 
4 NO + 4 NH3 + O2 → 4 N2 + 6 H2O  (eqn.16.) 
NO + NO2 + 2 NH3 → 2 N2 + 3 H2O  (eqn.17.) 
2 NO2 + 4 NH3 + O2 → 3 N2 + 6 H2O (eqn.18.) 
The effectiveness of SCR is relatively high, varying from 60-80% but is limited to 
low operating temperatures of between 180 – 200°C, making it an issue since exhaust 
gases have higher temperatures. Additionally a light-off temperature also exists 
causing similar issues as in TWC (TNO 2005). Precise control of urea injection is 
required to avoid NH3 slip since SCR with urea tends to increase NH3 and N2O 
emissions (Matti Maricq 2007).  
The first SCR converters were made of a monolith of anatase titanium dioxide (TiO2) 




of vanadium and the requirement for higher temperature operation have led to the use 
of hydrogen- and metal-exchanged zeolites (Roy, Hegde & Madras 2009). 
In lean petrol engines the HCs found in the exhaust can be used instead of NH3 
(produced from urea) to reduce NOx emissions. This method is called HC-SCR or 
lean NOx catalysis (LNC). The reaction takes place as described below: 
HC + NOx → N2 + H2O + CO2 (eqn.19.) 
The efficiency of such a system is typically close to 10% and so plasma could be used 
to produce more reactive HC species that react with NOx over a catalyst achieving 
efficiencies of 50-70%. In addition LNC requires an HC:NOx ratio of 6:1 to perform 
at its best and thus careful control of fuel injection inside the cylinder and/or even in 
the exhaust is required. This results in increased fuel consumption, especially when 
plasma is used. The poor durability and susceptibility to sulphur poisoning of this 
technology are its major drawbacks (TNO 2005). 
The use of HCs present in the exhaust for NOx reduction is called passive DeNOx
38
 
while the injection of urea or HCs in the exhaust is called active DeNOx. 
2.3.2.5. Selective Non-Catalytic Reduction 
Selective non-catalytic reduction (SNCR) is a method used to reduce NOx emissions 
in an oxygen rich environment using ammonia, urea or cyanuric acid without the 
presence of a catalyst. This method can achieve the same efficiency as SCR but is 
dependent on the quality of the mixing, is prone to ammonia slip, requires time for the 
reactions to take place and has a strict operating temperature window (Roy, Hegde & 
Madras 2009). However, in practice the conversion efficiency is much lower (30-
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75%) than SCR and higher conversion temperatures are required. The effectiveness of 
SNCR can be increased by using a hybrid system, like including a SCR converter 
downstream of the SNCR converter (Skalska, Miller & Ledakowicz 2010), but this 
can only be practical in stationary engines rather than on-board vehicles. 
2.3.2.6. Selective NOx Recirculation 
Selective NOx recirculation (SNR) is a technique that involves concentrating and 
recirculating NOx, through the use of two parallel adsorbers working alternately in 
adsorption and desorption mode, into the cylinder to decompose NOx thermally 
during combustion (Roy, Hegde & Madras 2009).  
2.3.2.7. PM Filters 
PM filters or traps are most commonly used in diesel engines and thus are commonly 
called diesel particulate filers (DPF), however they are also used in direct injection 
petrol engines too. The technology is a simple filtration method where the exhaust 
gases are passed through a porous material which blocks the particles but allows the 
exhaust gases to pass through. As more particles are trapped the exhaust back pressure 
increases leading to a reduction in efficiency of the engine. The filter should therefore 
be regenerated by oxidizing the particles either by operating the engine to produce 
high temperature exhaust gases or else by electrical heating, resulting in increased 
fuel consumption (Suzuki, Matsumoto 2004). 
Various filtering technologies and materials exist for the trapping of particulate 
particles such as ceramic wall flow, metal, sintered metal, ceramic fibre, ceramic 
foam and electrostatic filters. However, the most commonly used filtering technology 




operating in the optimal range. The materials used are typically cordierite, silicon 
carbide (SiC) and silicon nitride (Si3N4). A catalyst is required to make regeneration 
possible at low temperatures as experienced in diesel exhausts (150-400°C). The 
catalyst can be either added to the fuel or coated on the ceramic filter. However fuel 
added catalysts produce ash that needs to be removed from the filter while catalytic 
coating raises the cost of the filter and is not as effective as the fuel added catalyst at 
oxidizing soot (TNO 2005).  
Another option would be installing an oxidation catalyst upstream of the filter which 
oxidizes NO to NO2 which in turn oxidizes the soot and is reduced back to NO. This 
method, called the continuous regeneration trap (CRT) requires a high NO2 to soot 
ratio which would result in an increase in NO2 emissions, even though not necessarily 
of NOx (TNO 2005). The oxidation catalyst could however oxidize SO2 to SO3 
forming particles that could block the filter, even when the sulphur content of the fuel 
is below 50ppm (Tiwary, Colls 2010). 
2.3.2.8. Four-Way Catalysts (4WC) 
A four way catalyst is a DPF having a NSR coating. In this way both PM and NOx 
emissions can be reduced within the same converter. This system is also called diesel-
particulate NOx reduction (DPNR). The idea behind this technology is the same as 
used in NSR but the NOx is also used to oxidize PM. Coatings of Pt/Ba/Al2O3 have 





2.4. The Role of Hydrogen in the Future 
2.4.1. Hydrogen and the Hydrogen Economy 
Hydrogen is the most abundant element in the universe but it is never found in its 
molecular form. Hydrogen must therefore be produced and is thus considered as an 
energy carrier, not source (Bleischwitz, Bader 2010). The properties of hydrogen as 
shown in Table 2 below make it a very attractive alternative fuel for the future; in 
particular the fact that it is a carbon-free gas, theoretically yielding only water when 
combusted, and that it could be produced from water and renewable resources like 
solar and wind (Harrison, Martin 2008, Prasad 2009). 
Table 2: Properties of hydrogen compared to other fuels (Saravanan, Nagarajan 2008b, Verhelst, Wallner 
2009) 
Property Units Hydrogen Petrol Diesel 
Molecular weight g/mol 2.016 110 170 
Density kg/m3 0.0838 721-785 833-881 
Mass diffusivity in air cm2/s 0.61 0.07 - 
Minimum ignition energy mJ 0.02 0.28 - 
Minimum quenching distance cm 0.064 0.35 - 
Flammability limits in air vol% 4-75 1.1-6 0.7-5 
Lower heating value MJ/kg 120 44.3 42.46 
Stoichiometric air-to-fuel ratio kg/kg 34.3 14.7 14.5 
Flame Velocity cm/s 265-325 37-43 30 
Auto-ignition temperature K 858 533-733 530 
Research Octane Number  130 92-98 30 
Cetane number  - 13-17 40-55 
The oil embargos of the 1970‘s and the 11
th
 September 2001 attacks forced many 




and thus to seek alternatives (Kroposki et al. 2006, US DOE 2002b). A system based 
on hydrogen and termed hydrogen economy was one of the proposed solutions where 
hydrogen could be produced cleanly and infinitely by renewable energy sources with 
no pollutant emissions and dependencies on foreign, and possibly, unstable countries. 
As Spencer Abraham, U.S. Secretary of Energy (2002) put it (US DOE 2002a): 
“A hydrogen economy will mean a world where our pollution problems are 
solved and where our need for abundant and affordable energy is secure…and 
where concerns about dwindling resources are a thing of the past.” 
Countries like the U.S., Japan, Canada and more recently the European Union are 
investing huge amounts of money to make this a reality in the future (Marbán, 
Valdés-Solís 2007). The International Energy Agency (IEA) runs an R&D 
coordination programme on hydrogen through the Hydrogen Implementing 
Agreement (HIA) set-up by its founding members back in 1977 with the aim of 
accelerating the process towards the hydrogen economy. The envisioned pathway can 
be seen in Figure 14, below. 
 




2.4.2. Hydrogen Production 
One of the key steps towards the hydrogen economy is optimizing the hydrogen 
production processes. Hydrogen can be produced from fossil fuels via reformation, 
from water via electrolysis or photochemistry, and from biomass via pyrolysis. The 
most common and developed production methods are discussed in brief in the 
following sections and a comparison of the major production methods that could be 
used for on-board hydrogen production is given in the table below. 
Table 3: Comparison of hydrogen production methods (Rajeshwar, McConnell & Licht 2008, Conte, 
Boulouchos 2004, Ivanič, Ayala, Goldwitz, & Heywood 2005) 
Production method Feedstock Efficiency Products (Ideal) 
Operating 
Temperatures 
Steam Methane Reforming Methane and Steam 65-85% CO, CO2, H2 ≈ 1100°C 
Partial Oxidation Diesel/Petrol and Steam 76% CO, H2,H2O 870-1750°C 
Electrolysis Water 56-73% H2, O2 70-90°C 
2.4.2.1. Steam Reforming 
Steam reforming (SR) is the most widespread technique in use to produce hydrogen 
from light hydrocarbon fuel, where methane (SMR – steam methane reforming) is 
usually used (Marbán, Valdés-Solís 2007). In this method superheated steam and the 
hydrocarbon fuel are mixed together under pressure and in the presence of a nickel 
based catalyst at temperatures above 1,100°C producing hydrogen and carbon 
monoxide as given by the equation below (Lymberopoulos 2005): 
CnHm + n H2O → n CO + (n + m/2) H2 (eqn.20.) 
Then, at about 400-500°C the CO is further oxidized to CO2 to yield more H2 in a 
reaction known as water gas shift reaction as shown below: 




The operating temperatures and catalyst used depend on the fuel used for reforming. 
Propane, butane and methanol can all be reformed by this method. Methanol allows 
for using this method for on-board hydrogen production in vehicles because the 
process can take place at 300°C (Lymberopoulos 2005). 
The major advantage of this process is that it is endothermic and thus some heat 
energy from the exhaust gases could be recovered if they are used to sustain the 
reaction (Conte, Boulouchos 2004, Cassidy 1977). SR is most efficient in large scale 
production as reformers are bulky and slow to respond to start-ups and transient 
operation (Lymberopoulos 2005). A major drawback of SR is that 13.7kg of CO2 
equivalent are produced for every 1kg of hydrogen unless carbon capture and storage 
(CCS) is used (Spath, Mann 2000). 
2.4.2.2. Partial Oxidation 
Partial oxidation (POX) is an exothermic process where a fuel (generally in liquid 
form) is partially combusted in a low oxygen containing atmosphere as shown in the 
equation below: 
CnHm + n/2 O → n CO + m/2 H2 eqn.(22.) 
Superheated steam is then added to promote the water gas shift reaction and recover 
some of the energy lost during the first reaction. A nickel based catalyst could be used 
to speed up the reaction and allow the reaction to occur at lower temperatures which 
can be as high as 1000°C and 1175°C for petrol and diesel respectively if no catalyst 
is used (Lymberopoulos 2005). POX reactors are more suitable for on-board hydrogen 
production than steam reformers because they are more compact and have higher 




2.4.2.3. Autothermal Reforming 
Autothermal reforming (ATR) is a combination of SR and POX where the heat 
liberated by POX is used to sustain the SR reaction in the presence of a catalyst. This 
method provides a compromise between the advantages and disadvantages of the two 
methods (Lymberopoulos 2005). 
2.4.2.4. Electrolysis of Water 
Electrolysis is the splitting apart of water molecules into hydrogen (at the cathode) 
and oxygen (at the anode) when a direct current is passed between two electrodes 
submerged in water (Rajeshwar, McConnell & Licht 2008). In industrial applications 
two types of electrolysers – alkaline and proton exchange membrane (PEM) – are 
used. Alkaline electrolysers can be bipolar and unipolar in design. In the unipolar 
design the electrodes are connected in parallel and separated by a diaphragm that 
allows the transfer of ions across the electrodes but does not allow mixing of the 
gases. In bipolar electrolyser the electrolysis cells are connected in series, and 
hydrogen is produced on one side of the electrodes, oxygen on the other with a 
diaphragm in between the electrodes. Potassium hydroxide (KOH) and sodium 
hydroxide (NaOH) solutions are typically used as electrolytes to reduce the resistance 
of water and thus increase the current flow across the electrodes and speed up the 






In PEM electrolysers the electrolyte is contained in a solid non-conductive membrane 
which allows proton transfer (H
+
 ions) from the anode to the cathode thereby 
separating hydrogen from oxygen. Nafion® is the most commonly used membrane 
material. PEM electrolysers operate at high differential pressures across the 
Figure 16: Bipolar electrolyser (Ivy 2004) 




membrane (Ivy 2004). High purity deionised water is added on the anode side and a 
voltage is applied to the electrodes which pulls off H
+
 through the membrane which 
rejoin at the cathode with electrons to form hydrogen (Rajeshwar, McConnell & Licht 
2008). 
For both alkaline and PEM electrolysis the overall reaction is the same, producing 
hydrogen at the cathode and oxygen at the anode, as given in the equation below: 
H2O → ½ O2 + H2  (eqn.23.) 
However, for the two systems the reactions taking place at the electrodes are different: 
For alkaline electrolysis, the reaction taking place at the cathode is: 
2 H2O + 2e
-
→ H2 + 2OH
-
  (eqn.24.) 
and at the anode is: 2OH
-
→ ½ O2 + 2 H2O + 2e
-
  (eqn.25.) 





→ H2 (eqn.26.) 
and at the anode is: H2O → ½ O2 + 2 H+ + 2e
-
  (eqn.27.) 




The voltage applied between the electrodes for water to start decomposing has to be 
greater than the equilibrium potential (1.23V for water at 25°C) while at least 
237.2kJ/mol of electrical energy are to be supplied (Zeng, Zhang 2010). In practice 
the voltage applied has to be higher due to voltage over potentials at the electrodes 
(dependant on electrode material) and ohmic losses in the electric circuit (Nagai et al. 
2003). The reaction for cell voltages between 1.23-1.48V is endothermic while when 
it is higher than 1.48V it is exothermic (Zeng, Zhang 2010). Thus higher efficiencies 
are obtained for cell voltages in the endothermic range but the reaction rates would be 
too small. A compromise is thus to be found and typically electrolysis plants are 
operated at 1.8-2.05V and at temperatures between 70-90°C since the equilibrium 
potential reduces with temperature (Lymberopoulos 2005). 
2.4.2.5. Steam Electrolysis 
Steam electrolysis takes advantage of supplying the energy to decompose water in the 
form of electricity and heat at about 800-1000°C to achieve high efficiencies where 
waste process or solar heat are available. The steam is introduced at the cathode 
where it is split into hydrogen gas and oxygen ions. The latter are transported by an 
oxygen ion conducting ceramic to the anode where they discharge and form oxygen 
gas. The electrical efficiency of these units can be as high as 92% but the costs can be 
substantial if the heat is not supplied from free sources. Natural Gas Assisted Steam 
Electrolysis (NGASE) is a method used to reduce the electrical consumption by 





2.4.3. Hydrogen Powered Internal Combustion Engines 
Hydrogen as a fuel is only used in rocket propulsion and in prototype vehicles 
(Marbán, Valdés-Solís 2007) but extensive research is being carried out on hydrogen 
powered internal combustion engines (H2ICE) which could provide a bridging 
solution till fuel cell vehicles (FCV) are developed and at costs low enough to 
outcompete H2ICEs when the hydrogen economy will be implemented (White, 
Steeper & Lutz 2006, Verhelst, Wallner 2009).  
The properties of hydrogen given in Table 2 make H2ICEs very efficient engines that 
could solve most of the problems associated with petrol and diesel engines in the shift 
towards the hydrogen economy. H2ICEs are most commonly SI engines because of 
the high auto-ignition temperature of hydrogen, even though CI H2ICEs have been 
studied (White, Steeper & Lutz 2006). The low lean flammability and the high flame 
speed of H2 allows the engine to be run at very lean conditions at low loads thus 
achieving high thermal efficiencies (as high as 47%) and reductions in NOx 
emissions
39
 if the equivalence ratio is kept below 0.5 (White, Steeper & Lutz 2006, 
Verhelst, Wallner 2009).  
However, at higher equivalence ratios and high loads, H2ICEs suffer from pre-ignition 
due to the creation of hot spots inside the engine and the low ignition energy of 
hydrogen which is lowest at an equivalence ratio of 1. Also the higher combustion 
temperatures at equivalence ratios above 0.5 result in sharp increases in NOx 
emissions and reduce the thermal efficiency because of increased cooling heat losses. 
Another major problem of H2ICEs is their low power density which can be of 50% or 
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less that for the same engine when powered with petrol (White, Steeper & Lutz 2006, 
Verhelst, Wallner 2009). 
Direct injection, EGR dilution, liquefied H2 injection, turbo-charging and hydrogen 
hybrid electric vehicles have all been tested to solve the issues of H2ICEs, some of 
which with success. Nonetheless, and even though Ford and BMW have produced 
demonstration hydrogen powered cars, there remains a lot to be investigated 
(Verhelst, Wallner 2009).  This, coupled with issues related to safe on-board storage 
of hydrogen and the unavailability of the required infrastructure for large scale 
production and distribution make the full scale commercialization of H2ICEs unlikely 
for decades to come (Conte, Boulouchos 2008).  
2.4.4. Hydrogen Enhanced Combustion 
Hydrogen enhanced combustion (HEC) is a process where the combustion of fossil 
fuels is made more efficient and complete by adding small amounts of hydrogen to 
the in-cylinder charge. This can be done by mixing hydrogen with the intake air or by 
port or direct injection. It can therefore offer a hybrid solution to take advantage of the 
properties of hydrogen and conventional IC engines and serve as a stepping stone in 
the change from the carbon based to the carbon free system (Dimopoulos et al. 2008). 
HEC could offer the possibility of implementing stricter emission reduction policies 
while, unlike current measures it could improve the combustion efficiency of 
hydrocarbon fuels and thus decrease the fuel consumption of the engine. This would 
also be a step towards achieving a closer balance between environmental, social and 




Cassidy (1977) investigated the effect of adding small amounts of hydrogen to a 
carburetted petrol engine. The results showed that for all equivalence ratios the 
addition of small amounts of hydrogen significantly increased the flame speed during 
combustion. The increase was more pronounced as the equivalence ratio decreased. 
The same experiments showed that at an equivalence ratio of 0.69 the flame speed of 
a petrol-air mixture with some added hydrogen (0.07 mass fraction) was as fast as the 
flame speed of a petrol-air mixture at an equivalence ratio of 0.98 The effect of 
hydrogen on flame speed is confirmed by experiments carried out by Ivanič et al. 
(2005) where the addition of 15% and 30% plasmatron gas
40
, composed of 20% H2, 
26% CO and 49%N2, resulted in a decrease in the duration of combustion of a petrol 
engine running at lean and EGR diluted mixtures. For both mixtures, the reduction in 
the crank angle interval required for the first 10% of the charge inside the cylinder to 
burn was more marked than the reduction in the interval required for the rest of the 
mixture to burn. The reduction in combustion duration increased as more hydrogen 
(via plasmatron gas) was added. Adding hydrogen speeds up the flame development 
stage of combustion rather than the flame propagation stage because it increases the 
mixture‘s laminar flame speed, which affects more strongly flame development 
(Ivanič, Ayala, Goldwitz, & Heywood 2005).  
Similar experiments by Conte and Boulouchos (2004), who have studied the effects of 
adding increasing amounts of reformer gas composed of 21% H2, 24% CO and 55% 
N2, have indicated an increase in the rate of heat release with a shortening of the 
interval required when more reformer gas was added. Again, the reduction in the 
combustion interval was more pronounced in the flame development stage. As petrol 
was substituted by reformer gas, the duration for the first 5% of the in-cylinder mass 
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to burn was reduced by 46% while that for the other 5-50% was reduced by 13% and 
of the remaining 50-90% by 20%. When the mixture was diluted by air (leaning) and 
EGR, the rate of heat release and combustion duration remained unchanged because 
the effects on flame speed of H2 and dilution cancelled each other as more reformer 
gas was added. In different experiments, Conte and Boulouchos (2008) have found 
that at low loads adding hydrogen to stratified mixtures had an effect after combustion 
had started while for a homogenous mixture the effect of hydrogen on combustion 
was most noticeable in the first phases of combustion. At higher loads the effect of 
hydrogen addition on the stratified mixture was also more pronounced in the early 
stages of combustion because at the higher load the evaporation of petrol in stratified 
mixtures is not a limiting factor as it is at low load operation (Conte, Boulouchos 
2008). Tests carried out by Ji and Wang (2009) on a lean running petrol engine at 
1400 rpm at fixed spark timing have shown an increase in the peak in-cylinder 
pressure and an advancement of its location towards TDC as hydrogen was added 
from 0-3-6% by volumetric fraction of the intake gases.  
The mixture‘s combustion interval is decreased because of two main reasons. Firstly 
because for a given AFR, hydrogen has a higher flame speed as its flame temperature 
is higher, promoting heat transfer across the flame front to the unburnt zone of the 
charge thereby increasing the overall flame speed. Secondly, hydrogen and its radicals 
are highly diffusive and thus hot particles from within the combustion zone diffuse 
more easily into the unburnt charge speeding up combustion (Cassidy, 1977). The 
wider flammability range of hydrogen also allows for faster initiation of the 
combustion process while the higher diffusivity of hydrogen makes the mixture more 




As a result of faster combustion, the engine‘s efficiency and power output increase 
because the actual combustion process becomes closer to the reversible constant 
volume heat addition as modelled by the Otto and Dual cycles. In fact, experiments by 
various researchers have shown that when adding hydrogen the engine‘s efficiency 
increases. Ji, Wang and Zhang (2010) tested a petrol engine at 1400rpm at different 
loads for two AFRs (λ=1.2 & λ=1.4). For the two AFRs 3% by gas intake volume of 
hydrogen were added and increases in the thermal efficiency of the engine were 
observed. The increase in efficiency due to the addition of hydrogen relative to 
operation on petrol only was greater for the leaner mixture. Other experiments by Ji 
and Wang (2009) confirmed that the increase in brake thermal efficiency when adding 
hydrogen compared to pure petrol operation increased as the AFR increased, resulting 
in an almost linear brake thermal efficiency variation with AFR when hydrogen was 
added. Cassidy (1977) also found that the petrol engine working with and without 
hydrogen addition had the same minimum fuel consumption but at different spark 
timings and at an equivalence ratio of 0.8 and 0.66 respectively. 
Efficiency increases and specific energy consumption reductions with hydrogen 
addition were also observed at all load conditions by Saravanan and Nagarajan 
(2008b) in a diesel engine running at 1500rpm and equipped with hydrogen port 
injection. The increases in efficiency and reductions in specific fuel consumption 
changed with hydrogen injection timing, while diesel injection timing was kept 
constant. The efficiency at 75% of full load increased from 21.6% for diesel only 
operation to 25.6% when an optimized hydrogen flow rate of 7.5 lpm was added. 
Saravanan and Nagarajan (2008a) also tested a diesel engine having an optimized 
hydrogen port injection rate of 7.5 lpm at constant speed for various loads and EGR 




operation) to 15.4% at 25% load, from 21.6% to 25.6% at 75% load and from 23.4% 
to 23.9% at full load. The increases in efficiency were lesser at higher loads. Lower 
gains in efficiency were also observed with EGR dilution. By adding 0.78% 
hydrogen-oxygen by intake gas volume of a small single cylinder diesel engine, 
Samuel and McCormick (2010) reported a 5.4% decrease in fuel consumption, 
signifying an increase in the engine‘s efficiency. Bari and Esmaeil (2009) also saw 
increases in the efficiency of a diesel engine as more hydrogen-oxygen gas was added 
to its intake. The increases observed were of 2.6%, 2.9% and 1.6% for loads of 19kW, 
22kW and 28kW respectively at a constant speed of 1500rpm. However, no more 
increases in efficiency were observed when more than 5% by total equivalent diesel 
content of hydrogen-oxygen gas were added. Higher peak pressures located closer to 
TDC as a result of the faster and improved combustion of diesel with added hydrogen 
produce a higher effective pressure for the same fuel supply, increasing the engine‘s 
efficiency (Bari, Mohammad Esmaeil 2010). Dülger and Özçelik (2000) tested an on-
board electrolysis unit producing 20 litres per hour of hydrogen-oxygen gas on four 
cars for fuel economy, resulting in savings of 43% for a 1993 Volvo 940, 36% for a 
1996 Mercedes 280, 26% for a 1992 Fiat Kartal and 33% for a 1992 Fiat Doğan. 
Conte and Boulouchos (2004) have reported an increase of 34% in efficiency of the 
petrol engine when the petrol was completely substituted with reformer gas, lower 
gains in efficiency were observed for lower petrol-reformer gas substitution levels. 
However, an analysis on the net efficiency gain showed that the reformer efficiency 
should be of at least 80% in order to obtain a net increase in efficiency for lean limit 
and EGR limit mixture operation. Similarly, Ivanič et al. (2005) have seen up to 12% 
increases in efficiency when adding 30% plasmatron gas to a lean mixture but when 




reduced to 7%. This meant that the increase in efficiency due to leaning without 
adding hydrogen was slightly higher but it also meant that a net increase in efficiency 
could still be achieved using the plasmatron and that the engine could be run at leaner 
mixtures, thus resulting in reduced pollutant emissions. Thus a very important 
consideration is whether the gain in efficiency is enough to compensate for the energy 
required to produce the hydrogen. 
The improvements to the combustion process resulting from the addition of hydrogen 
can be used in IC engines to provide further efficiency gains. Hydrogen addition 
reduces the cycle-to-cycle variations in SI engines by stabilizing the combustion 
process even for very lean mixtures (Cassidy 1977, Conte, Boulouchos 2004). This 
could solve one of the major problems of lean mixture burning engines, which operate 
at higher efficiencies than stoichiometric mixtures. In lean mixtures the excess air 
provides more oxygen to fully oxidize the fuel while at the same time lower peak 
combustion temperatures are reached. The lower combustion temperatures result in a 
greater specific heat ratio because net dissociation losses are reduced and thus higher 
thermal efficiencies can be achieved (Cassidy 1977) while heat losses across the 
cylinder wall to the cooling system are also reduced (Shin et al. 2011). Also, since for 
the same amount of fuel more air is required the engine is operated less throttled and 
therefore the pumping losses by the engine and the fraction of residual gas inside the 
cylinder are reduced (Ivanič, Ayala, Goldwitz, & Heywood 2005, Conte, Boulouchos 
2004). Using hydrogen combustion enhancement to stabilize lean petrol engine 
operation would also allow for higher compression ratios because hydrogen 
suppresses engine knock (Ivanič, Ayala, Goldwitz, & Heywood 2005) while lean 
mixtures are more resilient to knocking than stoichiometric ones (Benson, 




For these reasons Ji and Wang (2009) have investigated the effects on the lean burn 
limits of a hydrogen-petrol engine. In their experiments the lean limits of the engine 
were extended to a combined lambda (for an air-hydrogen-petrol mixture) of 1.55, 
1.97 and 2.55 for hydrogen intake gas fractions of 1%, 3% and 4.5% respectively 
when the engine‘s original lean limit was at a lambda of 1.45. The lean burn limits 
were determined as the AFRs at which the coefficient of variation (COV) of the 
indicated mean effective pressure (IMEP) reached 10% of the IMEP. The COV, 
which is a measure of combustion stability, was reduced for a given AFR as more 
hydrogen was added. Similar results were achieved by Ivanič et al. (2005) where the 
lean limit was extended by 20% to a lambda of 2.02 and the EGR limit was extended 
by 28% to a dilution limit of 46% when adding 30% plasmatron gas at a limiting 
COV of 3% of the net indicated mean effective pressure (NIMEP). 
Another beneficial effect of hydrogen enhanced combustion is that due to the faster 
burning rates of the in-cylinder charge, the spark timing in SI engines can be retarded 
without changing the peak pressure location and thus maintaining the same output 
power. This gives more time to the air-fuel mixture to mix before ignition resulting in 
better combustion and reduced pollutant formation (Heywood 1988, Conte, 
Boulouchos 2008, Plint, Martyr 1999). 
Pollutant formation inside IC engines can be affected by hydrogen addition in various 
ways. When adding hydrogen at a constant AFR the in-cylinder temperature increases 
for both SI and CI engines (Cassidy 1977, Bari, Esmaeil 2009). The higher 
temperatures promote the oxidization of HCs, PM and CO and thus their emissions 




formation of the OH radical which helps oxidize HCs, PM and CO better (Conte, 
Boulouchos 2004, Ji, Wang 2009, Lilik et al. 2010).  
Hydrogen also reduces the quenching distance inside the cylinder (Ji, Wang 2009) 
and therefore lesser HCs are emitted because the wall quenching and crevice HC 
formation mechanisms are dependent on the quenching distance (Heywood 1988, 
Benson, Whitehouse 1979). One other way of reducing HC and CO emissions by 
hydrogen addition when maintaining the output power constant is by the replacement 
of some of the carbon based fuel during combustion with carbon-free hydrogen (Bari, 
Esmaeil 2009). The reduced carbon content therefore reduces HC, CO and also CO2 
in a manner similar to lean operation. The experiments by Ji and Wang (2009), Conte 
and Boulouchos (2008), and Bari and Esmaeil (2009) have resulted in a drop in HC 
and/or CO emissions by the engines under test. Yilmaz, Uludamar & Aydin (2010) 
also added hydrogen-oxygen gas to a diesel engine and reported an average reduction 
of 5% and 13.5% in HC and CO emissions respectively with an average increase in 
torque output of 19.1%. The flow rate of hydrogen-oxygen gas had to be reduced for 
engine speeds below 1750 rpm because of excessive volumetric occupation by the gas 
inside the cylinder at the lower speeds affecting negatively engine performance and 
emissions. 
In fact, the effect of hydrogen addition on HC and CO emissions does not always 
result in their reduction. Saravanan and Nagarajan (2008a) found that the addition of 
hydrogen increased HC emissions from 28ppm when running on diesel only to 31ppm 
at 25% of full load while at 75% of full load the emissions with and without hydrogen 
were similar. However, CO and exhaust smoke were reduced by adding hydrogen, 




(2010) also noticed no change in CO emissions and an increase in smoke and HC 
emissions when adding hydrogen-oxygen to their diesel engine but the changes in 
HCs where within the uncertainties of the readings and therefore no definitive 
conclusion could be arrived at. The results obtained by Cassidy (1977) show that 
hydrogen enhancement produced lower HC emissions for equivalence ratios above 
0.8 and higher HC emission for lower equivalence ratios while CO emissions were 
reduced for all equivalence ratios. When experimenting with lean mixtures, Ji and 
Wang (2009) found that the addition of hydrogen gas resulted in increased CO 
emissions in close to stoichiometric lean mixtures. This was attributed to the faster 
reaction of hydrogen with oxygen in air compared to petrol resulting in oxygen 
depleted zones within the mixture and also because of the longer post-combustion 
period (resulting from the faster combustion) that cooled the in-cylinder gases before 
being exhausted thereby reducing the rate of CO oxidization into CO2. The reduction 
in temperature reduces the concentration of OH radicals which impairs CO oxidation 
(Warnatz, Maas, Dibble (2001) quoted in Conte, Boulouchos 2004). However, as the 
mixture exceeded a lambda value of 1.1, the CO emissions were reduced when 
hydrogen was added. 
HEC can also be used to reduce NOx emissions from IC engines by allowing higher 
levels of charge dilution (by air or EGR) and due to more homogenous mixing. The 
experiments carried out by Cassidy (1977) showed that for mixtures having an 
equivalence ratio of 0.85 or less the NOx emissions increased when hydrogen was 
added while lower NOx emissions were attained for mixtures with an equivalence 
ratio above 0.85. However, at the minimum energy consumption equivalence ratio of 
0.8, without hydrogen addition the NOx emissions were twice as much as those at the 




Similar results were obtained by Ji, Wang and Shang (2010) where for the two lean 
mixtures of lambda 1.2 and 1.4 the NOx emissions increased when hydrogen was 
added, even though the NOx emissions at lambda 1.4 with hydrogen were lower than 
those at lambda 1.2 without hydrogen addition. Hydrogen addition increases NOx 
emissions from lean mixtures because of the increased flame temperature and excess 
presence of oxygen compared to rich mixtures (Cassidy 1977, Ji, Wang & Zhang 
2010). However, the stabilization effect of hydrogen addition can be used to run the 
engine on leaner mixtures and thus a net decrease in NOx can still be achieved.  
In the tests by Ivanič et al. (2005) mixture dilution by air initially produced higher 
NOx emissions until the peak NOx formation AFR was exceeded, after which the NOx 
emissions dropped off sharply. At the lean and EGR dilution limits a reduction in NOx 
emissions of 98% when compared to stoichiometric mixtures was observed for 30% 
plasmatron addition. Unlike with air dilution, NOx emissions by EGR dilution were 
constantly reduced for increasing dilution levels because no excess oxygen was 
available for the oxidation of nitrogen. Experiments carried out by Shin et al (2011) 
show that hydrogen addition and EGR have a synergistic effect in reducing NOx 
emissions because HEC increases the amount of CO2 and H2O in the exhaust gases 
which are effective at reducing in-cylinder temperatures when recirculated (Shin et al. 
2011). In fact, direct in-cylinder water injection or emulsification of diesel with water 
is a technique used to reduce NOx emissions from heavy duty diesel engines (Tauzia, 
Maiboom & Shah 2010). Results obtained by Shin et al. (2011) when adding 
hydrogen at EGR rates of 2%, 16% and 31% to a diesel engine showed that for the 
higher EGR rate the addition of 10% by energy content of hydrogen reduced the 
specific NOx by 25% compared to pure diesel operation. The reduction in specific 




and 16% EGR rates the reductions levelled off at the addition of 5% by energy 
content of hydrogen. Saravanan and Nagarajan (2008a) have also seen increasing 
reduction in NOx emissions with hydrogen addition as the load and EGR rate were 
increased. At full load the emissions of NOx were reduced from 2223ppm for diesel 
only operation to 2171ppm when hydrogen was added and to 339ppm when 20% 
EGR was used. 
Hydrogen addition in a diesel engine by Saravanan and Nagarajan (2008b) resulted in 
lower NOx emissions at low loads compared with no hydrogen addition while for 
most of the hydrogen injection timings studied the NOx emissions increased at higher 
loads because of the increased combustion temperatures during higher load operation. 
Samuel and McCormick (2010) found that for a hydrogen-oxygen flow rate of 1.2 
lpm NOx emissions were reduced by 19.9% but further increases in hydrogen-oxygen 
flow rates resulted in higher NOx emissions when compared to diesel only operation. 
Increasing NOx emissions with increases in hydrogen-oxygen addition and load were 
also observed by Bari and Esmaeil (2009). Thus, if too much hydrogen is added, 
especially at higher loads, the NOx emissions increase because of the resulting higher 
in-cylinder pressures and temperatures.  
An interesting and seemingly contradictory phenomenon of HEC is that while the 
exhaust gas temperatures might be higher than the no hydrogen addition case, the NOx 
emissions would be less. This was observed by (Shirk et al. 2008) as well as Samuel 
and McCormick (2010). Hydrogen addition produces a more homogenous mixture 
and thus lower but more evenly distributed local peak combustion temperatures are 
achieved which result in higher average exhaust temperatures (White, Steeper & Lutz 




combustion temperatures reduces NO formation rates while the higher average 
temperature after combustion increases NO dissociation resulting in lower NOx 
emissions. The NOx emissions readings by Ji, Wang and Zhang (2010) and Ji and 
Wang (2009) confirm that lower exhaust gas temperatures are not necessarily 
synonymous to reductions in NOx. In their tests the peak combustion temperatures 
increased by hydrogen addition while the exhaust temperatures decreased. This was 
due to the higher heat transfer rates across the cylinder walls of the hotter exhaust 
gases and also because of the increased post-combustion time due to the faster 
combustion being exhausted. The higher peak temperatures promoted NOx formation 
while the reduced temperatures froze the NOx resulting in higher emissions. 
Thus, as shown by the various studies mentioned, HEC could have the ability to offer 
an ideal compromise between increasing engine operating efficiency as well as 





CHAPTER 3: TRANSPORTATION IN THE EUROPEAN UNION 
3.1. Energy Consumption and Road Transport in the European Union 
In the last years the transportation sector has been a major consumer of energy in the 
member states of the European Union (EU
41
) with its share of consumption increasing 
every year.  In 1998 the total final energy consumption of the EU was 1116 Mtoe, out 
of which 330 Mtoe (29.6% of total) were consumed by the transportation sector. In 
2008 the total consumption rose to 1169 Mtoe with the transportation sector 
consuming 374 Mtoe i.e. 32% of the total. Thus, the transportation sector accounted 
for 83% of the total increase in energy consumption from 1998 to 2008 (Eurostat 
2010). In addition, by 2030 the energy consumption share by the transportation sector 
is expected to increase by 28% from 2005 levels, accounting for the largest increase 
in energy consumption of all sectors (Capros et al. 2007). 
In 2009 road transportation, powered mainly by diesel and petrol engines, accounted 
for 83.3% (Eurostat 2011a) of passenger transportation and 77.2% (Eurostat 2011b) 
of freight transportation within the EU. Since 1990 the number of cars per 1000 
inhabitants in the EU has risen from 334 in 1991 to 473 in 2009, marking a 41.6% 
increase (Eurostat 2011c). The projections for 2030 estimate an increase to 710 cars 
per 1000 inhabitants while the distances travelled per passenger per year are expected 
to increase to 17,908 km from 12,769 km in 2005 (Capros et al. 2007).  
The share of road freight transport is expected to increase to 84% in 2030 (Capros et 
al. 2007) signifying the importance of road transportation to the EU‘s economy and 
the importance of decoupling transportation activity from GDP. While this had 
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already been achieved by many EU countries by 2009, others like Spain, Bulgaria and 
Slovenia had not (Eurostat 2011d). Decoupling passenger travel and GDP had also 
been achieved by many EU countries by 2009 (Eurostat 2011e) but the economic 
burden of transportation on households has not decreased. In fact in 2009 the annual 
household expenditure related to transportation amounted to 13.2% when the 
expenditure on food and non-alcoholic beverages amounted to 13.1% (Eurostat 
2011f). 
This was made worse by the global situation, where Brent oil prices are constantly on 
the increase and in many occasions well in excess of the $100 per barrel mark, with 
supply slow to react to demand, particularly given the recent events in oil exporting 
countries like Libya (IEA 2011). The energy dependency of the EU on oil imports 
made EU countries victims of this, resulting in steep increases in fuel prices over the 
past years. The average prices of unleaded petrol and diesel in the EU have risen from 
€1.042 and €0.936 per litre in January 2005 to €1.484 and €1.347 per litre 
respectively in August 2011 (EC DG E&T 2011a). This has led to a gradual increase 
in the sale of diesel cars and a reduction in the sale of petrol cars due to the higher 
efficiency and lower consumption of the former. This is shown by the fact that from 
1998 to 2008 the consumption of diesel (not including biodiesel) increased by 39% 
while that of petrol decreased by 26% (Eurostat 2010). The change in fuel 
consumption has been also affected by the increase in the population of trucks and 
lorries used for goods transport. 
While the projections predict an energy consumption growth rate that is smaller than 
the growth rate of transportation activities, the latter will be bigger and thus a net 




al. 2007). This will increase further the energy dependency of the EU on non-member 
countries. Indeed, of all the 27 member states in 2008 only Denmark was a net 
exporter of energy with countries like Malta, Cyprus, Luxemburg and Ireland having 
90%
42
 or greater energy dependence (EEP 2011). The total average EU energy 
dependency stood at 53.8% in 2008 and is expected to grow to 65% in 2030 (EC 
COM 2007) while the oil energy dependency in 2008 was 84.3% (Eurostat 2010). The 
major suppliers of oil to the EU in 2008 were Russia and Norway followed by Saudi 
Arabia, Libya and Iran. Algeria, Syria, Iraq and Nigeria supplied significant quantities 
of oil too. In 2008 road transportation consumed 374 Mtoe of the 655 Mtoe of crude 
oil and refined petroleum products consumed by the EU, thereby increasing 
substantially the EU‘s oil dependency on potentially unstable countries, as shown by 
the recent events in Libya, Syria, Iran and Iraq (Eurostat 2010).  
While the impact of transportation on the EU‘s energy security is evident, it is also 
needless to say that crude oil is a finite non-renewable resource and should therefore 
be used in the most efficient way possible even if the EU was self sufficient. It also 
transpires that road transport has a major share of both passenger and freight transport 
and is therefore critical to the social and economic domains in the EU.  
3.2. Air Pollution and Road Transport in the European Union 
The combustion of fossil fuels also results in the emissions of greenhouse gases 
(GHG) and pollutants. Between 1990 and 2008 the total emissions of GHGs in terms 
of equivalent CO2 (CO2eq) have decreased from 5567 Mt to 4940 Mt as shown in 
Figure 18.  
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Figure 18: Greenhouse gas emissions by sector in EU27 1990-2008 (Eurostat 2010) 
In the same period the transportation sector has been the only one that registered an 
increase in GHG emissions, which agrees with the increase in fuel consumption. In 
1990 the transportation sector accounted for 14% of the total GHG emissions while in 
2008 this increased to 19%. This was due to an increase in emissions of CO2eq from 
778 Mt in 1990 to 962 Mt in 2008 – an increase of 24%. All other sectors reduced 





Figure 19: GHG emissions by source in EU27, 1990-2008 (Eurostat 2010) 
The increase in GHG emissions in the transportation sector is an indicator of the little 
improvement done in the sector in terms of reducing emissions. While progress in 
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increasing population of vehicles, longer and faster travel and the increasing number 
of accessories in vehicles, such as climate-control and power steering, which increase 
the consumption and hence the emissions by the vehicles (Capros et al. 2007). 
Unlike CO2, the other pollutants emitted from vehicles are dangerous to humans and 
to the environment in general. The pollutants causing most concern in Europe due to 
their effects on human health and eco-systems are PM, NO2 and ground-level ozone
43
 
(O3) (EEA 2010a). PM particles are generally subdivided into PM10 and PM2.5
44
. PM 
is one of the worst pollutants because it can comprise particles of heavy metals like 
lead (Pb) and arsenic (As) as well other toxic species like polycyclic aromatic 
hydrocarbons (PAHs), especially Benzo(a)pyrene (BaP) which are known 
carcinogens. PM2.5 is responsible for around 5 million years of lost life annually in the 
32 member states of the European Environment Agency (EEA) (Tiwary, Colls 2010, 
Matti Maricq 2007, EEA 2010a). 
NO2 is more toxic to humans than NO and causes several respiratory problems 
(Tiwary, Colls 2010). It also contributes to acid rain and eutrophication via 
atmospheric nitrogen deposition (EEA 2010a). Ozone (O3) is the primary constituent 
of smog and is a secondary pollutant that is not emitted directly but results from 
chemical reactions involving VOCs and NOx in the presence of sunlight (US EPA 
2011). CO and CH4 promote ozone formation. Ozone can alter the lung biochemistry 
and induces localized airway inflammation (Tiwary, Colls 2010). Approximately 
20,000 premature deaths occur each year in the EU25
45
 due to O3 exposure at 
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great efforts at international level are being made to stop its depletion. 
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 The numeric subscript denotes the particle aerodynamic diameter in µm. 
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 EU25 member states are the EU member states less Bulgaria and Romania. More information can be 




concentrations above the critical health level
46
 (EEA 2010a). Hydrocarbons (HCs
47
) 
are also dangerous because they comprise toxic VOCs such as benzene (C6H6) which 
are carcinogenic and mutagenic (Tiwary, Colls 2010). 
In the EU, road transportation is the major source of NOx and CO while it contributes 
significantly to the emissions of NMVOCs and PM emissions. It accounted for 40% 
of the EU‘s total NOx emissions in 2008. Passenger cars and heavy duty vehicles 
contributed 19% and 18% of the total respectively. Total NOx emissions have been 
reduced significantly from 17,152 Gg in 1990 to 10,397 Gg in 2008, a 39% reduction 
(EEA 2010b). However even though a reduction by 54% in emissions from passenger 
cars was observed, this was lower than anticipated because of the increased volume of 
traffic and the higher share of diesel vehicles on the road
48
 (EEA 2010a). Vestreng et 
al. (2009) calculated that NOx emissions in 2005 would have been 30% lower had the 
increase in fuel consumption by vehicles been all petrol instead of diesel. Furthermore 
diesel engines and oxidation catalysts have increased the ratio of NO2/NOx in the 
emissions (Vestreng et al. 2009). The insufficient reductions in NOx are reflected by 
the fact that 11 out of the 27 member states of the EU were expected to exceed their 
NOx emission ceiling as set in the NECD
49
 (EEA 2010a).  
In 2008, road transport accounted for 34% of total CO emissions in the EU. In 2008, 
27,228 Gg of CO were emitted in the EU, a reduction of 58% from the 64,526 Gg 
emitted in 1990. The biggest reduction, by 75%, was observed in emissions from 
passenger cars. NMVOC emissions from road transport made up 16% of the total 
NMVOC emissions in the EU in 2008. These were reduced by 51%, from 16,807 Gg 
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 Diesel engines emit higher levels of NOx because they cannot be equipped with a TWC and are 
instead fitted with less effective DeNOx systems and oxidation catalysts (see Chapter 2) 
49




to 8,296 Gg, between the years 1990 to 2008 with a 76% reduction in passenger car 
emissions (EEA 2010b). 
From 2000 to 2008, PM2.5 and PM10 emissions in the EU have been reduced by 13% 
and 8% respectively. In 2008 the road transportation sector was responsible for 15% 
of PM2.5 and 14% of PM10 emissions, the vast majority of which coming from the 
tailpipe and a small amount (≈3-5%) due to road and tyre wear (EEA 2010b). The 
biggest reduction in PM2.5 emissions, by 33%, was observed from heavy duty vehicles 
followed by a 29% reduction from passenger cars. PM2.5 and PM10 emissions in 2000 
were of 1,612 Gg and 2,299 Gg respectively whereas in 2008 these were 1,403 Gg 
and 2,126 Gg respectively. Road transportation has also seen a 99% reduction of Pb 
emissions from 1990 to 2008 due to the introduction of legislation and measures that 
reduced and ultimately banned the use of leaded petrol. However, the road transport 
sector still accounted for 8% of total lead emissions
50
 in 2008 (EEA 2010a). 
The pollutant emission reductions seen in the last years from the transport sector 
could be attributed to the use of better quality fuels, catalytic converters and 
improvements in engine operation and efficiency. However these reductions are not 
enough to fulfil the goals set by the EU to safeguard its people and environment as the 
measured concentrations of some pollutants have not seen a corresponding decrease 
(EEA 2010a). As mentioned earlier, the major issues in Europe are related to the 
atmospheric concentrations of NO2, PM and O3, particularly in urban areas and close 
to traffic hot spots (EEA 2010c). In fact, negative health effects have been shown to 
increase closer to roadways (McDonald et al. 2004) and the EEA estimates that 13-
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62% of the European urban population has been exposed to levels of NO2, PM and O3 
above the EU air quality limits
51
 between 1997 and 2008 (EEA 2010c). 
Between 1997 and 2008, 20-50% of the European urban population has been exposed 
to an average daily atmospheric concentration of more than 50μg/m
3
 PM10 for more 
than 35days annually, which is the recommended health limit value by the EU. At 
many measuring stations located in urban and traffic areas, the average annual limit of 
40μg/m
3
 has been regularly exceeded, while at rural stations exceedances have been 
rare. However, if the World Health Organization (WHO) air quality guideline limit 
for PM10 of 20μg/m
3 
was used, exceedances would have been observed even at rural 
stations (EEA 2010a). 
In the summer of 2010, the O3 target concentration value of the EU for human 
protection, of 120μg/m
3
 (8 hour average), has been exceeded 25 times in 27% of the 
monitoring stations
52
, spread in 17 EU member states covering 22% of the assessed 
area and affecting 16% of the total population. In every member state of the EU, 
concentrations higher than 120μg/m
3
 (8 hour average) of O3 were observed at least 
once during the period April-September 2010, with an average of 22 days of 
exceedance. Spain registered the highest number of exceedance days, 169 days, and 
Italy registered more than 150 days. In addition, 34% of the monitoring stations 
measured O3 concentrations higher than 180μg/m
3
 (1 hour average) i.e. the 
information threshold
53
 level set by the EU, and occurred in 20 EU member states. In 
9 of the EU‘s members, an O3 concentration higher than 240μg/m
3
, defined as the 
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 by the EU, was measured at least once during the given period (EEA 
2011). The ozone problem is more accentuated in Mediterranean countries because of 
the more favourable climatic and metrological conditions (higher temperatures and 
insolation) for the formation of O3 (EEA 2011).  
The above clearly shows that emissions of PM and ozone precursor pollutants (NOx, 
CO and NMVOC) must be reduced further if the EU‘s pollutant concentration limits 
are to be met. Twenty of the 27 EU member states have asked for an extension of the 
deadline set in the Air Quality Directive 2008/50EC to meet PM10, NOx and benzene 
limit concentration values (EEA 2010a).  
3.3. Related EU Policies 
The EU has adopted various Directives and Regulation to address the issues of air 
pollution and energy security in Europe which affect the road transportation sector 
both directly and indirectly. Directive 2001/81/EC, known as the National Emission 
Ceiling Directive (NECD) is aimed at reducing the emissions of NOx, SO2, VOCs and 
NH3 to combat eutrophication, acidification and ground-level ozone formation. Each 
member state was given an emission ceiling for each of the pollutants with which it 
had to comply by 2010. The targets set by the Directive were that compared to the 
situation in 1990, the ground-level O3 loads above the critical level for human health 
had to be reduced by two thirds and those above the critical load for vegetation had to 
be reduced by one third. In addition the areas with critical loads of acid deposition had 
to be reduced by half compared to 1990. Each state was also obliged to compile an 
annual emissions inventory, including projections and report to the EEA. The NECD 
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 ―A level beyond which there is a risk to human health from brief exposure for the population as a 




targets the same pollutants as those specified in the Gothenburg Protocol of 1999 but 
with tighter or equal emissions ceilings.  However, only 14 of the EU‘s member states 
were in a position to meet all of the pollutant ceiling targets by 2010 (EEA 2010a). 
The EU‘s thematic strategy on air pollution  is one of the seven thematic strategies 
developed under the sixth Environmental Action Programme of the EU, and is based 
on the outcomes of the Clean Air For Europe (CAFE) programme (EC 2005b). The 
aims of the strategy are to provide cleaner air in Europe via a series of pollutant 
reduction measures and targets to reduce the impact of pollutants on human health 
and the environment. The strategy seeks to reduce the emissions of SO2 by 82%, NOx 
by 60%, VOCs by 51%, NH3 by 27% and primary PM2.5 by 59% by the year 2020 
relative to 2000. The results should be a 47% reduction in lost years of life due to 
exposure to PM, 10% less acute mortalities due to O3 exposure, a reduction of 43% in 
the areas prone to eutrophication, 74% less forest areas susceptible to excess acid 
deposition and a reduction of 39% in surface freshwater areas that are subject to 
excess acid deposition. This has also led to the adoption of Directive 2008/50/EC 
which defines maximum target concentration values for the major pollutants in air, as 
seen in Table 4, in order to safeguard the health of the European population and the 
environment. The Directive also establishes methods and means of data collection and 
reporting that is to be publicly available so that trends could be identified and 
maintained if positive or acted upon if negative. As mentioned in the previous section, 
many EU countries are finding it difficult to control NO2, PM and O3 and thus 






Table 4: Directive 2008/50/EC pollutant limit and threshold values for the protection of human health 
Pollutant  Averaging period  
Target Limit 
Value  
Maximum number of 






Hour 350 μg/m3 24 
2005 - 
Day 125 μg/m3 3 
NO2 
Hour 200 μg/m3 18 
2010 2015 
Year 40 μg/m3 0 
O3 
Daily 8-hour mean 
averaged over 3 years 
120 μg/m3  25 2010 - 




10 mg/m3 0 2005   
PM10 
Day 50 μg/m3 35 2005 2011 






20 μg/m3 2015 
Pb Year 0.5 mg/m3 0 2005 - 
BaP Year 1 ng/m3  0 2013 - 
*Applicable to countries that applied for it 





 respectively while for O3 it specifies an information 
threshold at 180µg/m
3
 and an alert threshold at 240µg/m
3
. The Directive also set long 
term objectives to reduce PM2.5 atmospheric concentrations to 2.5µg/m
3
 by 2020 (EC 
2008).  
The EU has issued Regulations directly related to the automotive industry in a bid to 
reduce the emissions of pollutants from the transport sector. The most notable of these 
are the Euro standards, first introduced in the early nineties and which have since 
been updated to reflect advances in technology and the requirements for cleaner air in 




vehicles is the Euro 5 standard as introduced by Regulation (EC) No 715/2007. The 
Regulation prohibits the approval, registration and sales of new vehicles that do not 
comply with the pollutant emission limits as set in the Regulation, shown in Table 5. 
The Euro 6 standard shall be applicable from September 2014 for type approval of 
light-duty diesel vehicles and from the beginning of 2015 it shall also apply to the 
registration and sales of new vehicles. The two standards provide lower emission 
limits for PM and NOx than the Euro 4 standard and also include a requirement that 
pollution control devices should have a lifetime of at least 160,000 km. Similar 
regulations such as Regulation (EC) No 595/2009/EC exist for heavy-duty vehicles.  
Table 5: Euro 5 and Euro 6 emission limits for passenger cars 
 Euro 5 Euro 6 
Pollutant Petrol Diesel Petrol Diesel 
CO 1000 mg/km 500 mg/km 1000 mg/km 500 mg/km 
PM 5 mg/km * 5 mg/km 5 mg/km * 5 mg/km 
THC 100 mg/km - 100 mg/km - 
NMHC 68 mg/km - 68 mg/km - 
NOx 60 mg/km 180 mg/km 60 mg/km 80 mg/km 
HC + NOx - 230 mg/km - 170 mg/km 
* Applicable only to DI engines 
The EU has tackled the vehicle pollution issues also by improving the quality of the 
fuels. Directive 98/70/EC and its amendments (the latest being 2009/30/EC) have 
banned the sale of leaded petrol since the year 2000 and gradually reduced the 
allowable quantity of sulphur in diesel and petrol to a maximum of 10mg/kg by the 
beginning of 2011. These provisions were essential for the implementation of TWC 
which otherwise would have suffered from lead and sulphur poisoning.  In addition, 




GHG emissions of fuels by 10% by the end of 2020. The same Directive requires that 
different petrol blends
55
 having different maximum oxygen and ethanol contents 
should be available for sale until 2013. In addition to the Euro and fuel standards the 
European Commission (EC) has also issued Regulation (EC) No 443/2009 which sets 
an average CO2 emission limit of 130 g/km to be fully complied with by all car 
manufacturers by 2015
56
 and which is to be reduced to 95 g/km by 2020. This 
regulation supplements Directive 1999/94/EC which requires car manufactures to 
clearly show and provide information about the fuel consumption and CO2 emissions 
of their cars in a bid to raise consumer awareness and promote the sale of more 
efficient vehicles. The EC has also proposed in its communication COM(2005) 261 to 
create a Directive that relates the specific CO2 emissions of new vehicles to their 
registration and annual circulation tax (EC 2005c). 
The measures adopted by the EU to minimize CO2 emissions are also driven by the 
need to reduce its energy dependency. Biofuels have been strongly promoted by the 
EU as a means of reducing pollution and also as a renewable energy source, thereby 
increasing the security of energy supply in Europe. This was done through Directives 
2003/30/EC and 2009/28/EC which require member states to attain a biofuel sales 
share based on energy content in their transportation sector of 5.75% by 2010 and 
10% by 2020 respectively. However many countries have missed the 2010 target (EC 
DG E&T 2011b) and recent studies have been questioning the validity and 
appropriateness of using biofuels (Russi 2008). 
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 Two blends are defined having a maximum ethanol content of 5% and 10% with the latter intended 
to become the mainstream fuel after 2013. The limit is set because higher ethanol content in petrol can 
cause damage to the engine and the fuel system if no modifications specific to high petrol-ethanol 
blends are made. Ethanol also raises the Reid Vapour Pressure (RVP) of the fuel which could increase 
evaporative HC emissions. Directive 2003/30/EC  thus requires that proper information is provided to 
customers who wish to use higher  petrol-ethanol blends while it also sets a maximum value for the 
fuel‘s vapour pressure.  
56
 There is a gradual shift in compliance from 65% of all new vehicles in 2012 to 75% in 2013, 80% in 




In its Flagship initiative ―A resource-efficient Europe‖ (EC 2011b), the EC 
acknowledged that newer, cleaner technologies are required to meet its target of 
reducing GHG emissions to 80% of the emission levels in 1990 in the quest towards a 
low carbon economy by 2050 (EC 2011a). In addition, its Communication ―A 
European strategy on clean and energy efficient vehicles‖ (EC 2010) defines the 
improvement of conventional IC engines and the development of ultra low carbon 
vehicles, including fuel-cell, electric, hybrids and LPG/CNG powered vehicles, as the 
two roads to be taken towards the development of greener vehicles to attain the 
desired goals. HEC can thus play a role in both since it could be also used with 
biofuels, LPG and CNG powered engines and also in hybrid vehicles (Escalante 





CHAPTER 4: RESEARCH METHODOLOGY 
4.1. General Equipment Setup 
The aim of the tests was to investigate the effects of hydrogen addition in the air 
intake of an engine on its performance and exhaust emissions in order to be able to 
determine if HEC can be a feasible and sustainable solution to reduce the 
consumption of fuel and pollutant emissions from vehicles. A schematic 
representation of the setup used during the tests can be seen in Figure 20. 
The data from the dynamometer, engine and the Plint exhaust gas analyser were 
monitored and logged via a LABVIEW program every 100 ms. The data from the 
KANE exhaust gas analyser was recorded manually every 10 seconds.  
4.1.1. Engines Used for the Tests 
Three different engines were used during the tests in order to obtain a clearer picture 















Hydrogen + oxygen 




illustrates the specifications of the engines used. The testing modes used for each 
engine are described in later sections. 
Table 6: Engine specifications 
 Engine 1 Engine 2 Engine 3 
Manufacturer Ford  Ford Peugeot 
Total Displacement ≈ 1000cc 1392cc ≈ 1900cc 
Bore * 77.24mm 85mm 
Stroke * 74.30mm 88mm 
No. of Cylinders 4 4 4 
Compression Ratio * 9.5:1 18:1 
Air Intake Natural Aspiration Natural Aspiration Turbocharged 
Fuel Petrol Petrol Diesel 
Fuel System Carburetted Fuel Injection Common Rail HDi 
Air-Fuel Mixture Control Fixed, λ ≈ 1 Programmable ECU Throttle Controlled 
Ignition Timing Control Mechanical Programmable ECU Manufacturer ECU 
Dynamometer Stuska Water Brake Plint Electric Generator Froude Water Brake 
* Unavailable data 
4.1.2. Emissions Analysing Equipment 
A modified Plint RE200
57
 and Kane Auto 2-2 gas analysers were used to measure the 
concentrations of CO, HC, CO2 and O2 in the exhaust gases as shown Table 7. The 
emission readings could be assumed to be on a dry basis since the pipes connecting 
the gas analysers to the engine exhaust pipe were long enough to condense the water 
vapour present. Both analysers were calibrated before testing. 
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Table 7: Exhaust gas analysing equipment 
Gas Gas Analyser Measurement Unit Measurement Technique 
CO Kane Auto 2-2 % of exhaust gases Non-dispersive Infrared (NDIR) 
HC 
Kane Auto 2-2* ppm (by volume, based on C6) Non-dispersive Infrared (NDIR) 
Plint RE200 ppm (by volume, based on C3) Non-dispersive Infrared (NDIR) 
CO2 Plint RE200 % of exhaust gases Non-dispersive Infrared (NDIR) 
O2 Plint RE200 % of exhaust gases - 
* used to verify trends in HC data from the Plint gas analyser (Chapter 5 presents the HC data of the Plint gas analyser only) 
 
 
4.1.3. Hydrogen Generators 
Two hydrogen generators (alkaline electrolysers) were used during the tests producing 
different flow rates of hydrogen-oxygen (HHO) gas. For both generators a solution of 
distilled water and sodium hydroxide (NaOH) was used as an electrolyte. The 
specifications of the two generators as used during the tests can be seen in Table 8. 
 
 




Table 8: Hydrogen-oxygen generator specifications as used during the tests 
Property HHO Generator 1 HHO Generator 2 
Solution Used (% wt NaOH)* 0.105% 12.04% 
HHO Flow Rate 0.3 lpm 1.67 lpm 
Energy in H2 (based on LHV)  35 W 190 W 
Efficiency 10.06% 48.01% 
Solution Temperature 40-50°C 45-55°C 
Electrode Material Stainless Steel, 0.8mm Stainless Steel, 1.0mm 
Electrode Orientation Horizontal Vertical 
Active Electrode Area 1508 mm
2 12100 mm2 
Electrode Spacing 5mm 15mm 
Number of Cells 4 5 
Supply Voltage 13.75 V 13.75 V 
Total Current Draw 24.73 A 29.36 A 
Power Consumption 340 W 404 W 
Cell Voltage 13.75 V 2.75 V 
Cell Current 6.18 A 29.36 A 
Cell Current Density 0.0041 A/mm
2 0.0024 A/mm2 
*The solution used for the two generators was different because of the differences in cell voltage and current 
arising from the differences in their designs. 
Both generators were calibrated and tested before being used in the tests using 
solutions of different concentrations (% by weight of NaOH) to correlate the current 
consumption, hydrogen-oxygen flow rate and solution temperature. The results 
obtained for the two generators were different and are discussed in more detail in the 
following sections. The maximum allowable current draw for both generators was set 




4.1.3.1. Hydrogen-oxygen Generator 1  
A schematic representation of the first generator
58
 is shown in Figure 22. The 
generator was tested for solutions varying from 0.07% to 0.139% NaOH by weight. 
The tests showed that as current flowed through the solution its temperature increased 
without ever stabilizing. As the solution heated up the current draw increased since 
the solution‘s resistance decreases with temperature resulting in further heating of the 
solution. A small copper coil was therefore installed in the generator to cool down the 
solution and thus stabilize the current. The resulting linear relationship between 
current and temperature can be seen in Figure 24. 
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 The generator used was purchased online. More information is available at www.watertogas.com. 
Figure 22: HHO generator 1 schematic 
13.75V 
Hydrogen-Oxygen Generator Flame Arrestor 
Hydrogen-Oxygen 






















Figure 24: HHO generator 1 current variation with temperature for different solutions 
Figure 25 shows the observed linear relationship between the hydrogen-oxygen flow 
rate and current, as predicted by Faraday‘s law
59
. Thus for a known solution the 
hydrogen-oxygen flow rate could be controlled by controlling the solution 
temperature to achieve the required current. 
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 Faraday‘s First Law of Electrolysis states that: ―The mass of substance liberated or deposited in 

























Temperature vs Current for Various Solutions & 
13.75V Supply
0.070 % wt NaOH 0.105% wt NaOH 0.139% wt NaOH











Figure 25: HHO generator 1 HHO flow rate with current (at 25.5°C, 100.8kPa) 
4.1.3.2. Hydrogen-oxygen Generator 2 
A schematic representation of the second generator, which was built by the author at 
the thermodynamics laboratory of the Faculty of Engineering of the University of 
Malta, is shown in Figure 26. The generator was tested for solutions varying from 
6.95% to 12.04% NaOH by weight. This design proved to be much more efficient 
than the other generator because of the lower cell voltages and current densities 
(Nagai et al. 2003, Zeng, Zhang 2010).  The efficiency of the unit is in fact close to 
that of industrial electrolysers. The reduced energy loss as heat made it possible to 
maintain a stable solution temperature (and thus current) just by immersing the unit in 
water. The resulting almost linear relationship between current and temperature can 
be seen in Figure 28. Due to the reduced cell voltage the solution required a much 

























Flow Rate vs Current for Various Solutions & 13.75V 
Supply





Again, the relationship between hydroge-oxygen flow rate and current was linear, as 
seen in Figure 29. For this generator it was thus only necessary to know the amount of 
NaOH in the solution and allow it to reach the equilibrium temperature and current. 
For both units this method of controlling the hydrogen-oxygen flow rates was 
preferred because the only other two options were: 
 Using a variable area flow meter, but a meter capable of measuring flow rates as 
low as the ones used could not be found. 





Figure 26: HHO generator 2 schematic 
13.75V 
Hydrogen-Oxygen Generator Flame Arrestor 
Hydrogen-
Oxygen 



















 Measuring the change in weight of the solution, but the weight of the whole system 
(kg scale) compared to the expected changes (mg scale) would have made the 
readings highly inaccurate. 
  
Figure 28: HHO generator 2 steady-state current for different solutions 
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4.1.4. Other Equipment 
A multi-meter, clamp ammeter and thermocouple thermometer were used to monitor 
and control the amount of hydrogen-oxygen gas being produced by the generators 
using the calibration curves shown in Figure 25 and Figure 29. An external power 
supply was used to power the hydrogen generators. 
 
The hydrogen-oxygen flow rates were determined by measuring the time taken to 
empty a measuring cylinder when inverted over, and filled with water. To reduce 
inaccuracies it was ensured that the hydrogen-oxygen gas inside the cylinder was at 
ambient pressure and temperature and the average of multiple measurements was 
used. 
As a precautionary measure the hydrogen-oxygen gas was bubbled through water in a 
flame arrestor before being introduced to engine‘s intake. This also removed some 
solution and water vapours that could have been produced. The flame arrestor is 
shown in Figure 31. It could be also seen schematically in Figure 22 and Figure 26. 





4.2. Testing Procedures 
For each test mode the following procedure was followed: i) engine tested at stable 
conditions without hydrogen-oxygen addition; ii) engine tested at stable conditions 
with hydrogen-oxygen gas addition; iii) move on to the next test mode. After all the 
test modes were completed, the first test without hydrogen addition was repeated to 
make sure that the recorded values would match the original corresponding values and 
thus ensure no distortions were present in the data. All the engine parameters were 
kept constant or according to the manufacturer‘s specifications except for the ones 
listed in Table 9 to Table 11 for each engine respectively. 
Engine 1 was tested at different speeds and loads
60
 with 0.3 lpm and 1.67 lpm 
hydrogen-oxygen addition as shown in Table 9. The equipment setup, as 
commissioned by Bugeja (2011), can be seen in Figure 32. 
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 Represented by the Manifold Air Pressure (MAP). 








Table 9: Engine 1 test matrix 
 MAP [kPa] (% of full load) 
Engine Speed [rpm] Idle 2200rpm 2800rpm 3200rpm 
0.3 lpm HHO addition 33 kPa (0%) 65 kPa (46%) 78 kPa (64%) 78 kPa (64%) 
1.67 lpm HHO addition 31 kPa (0%) 66 kPa (49%) 70 kPa (54%) 70 kPa (54%) 
 
Engine 2, as modified by Bartolo (2010), was tested at different speeds and loads with 
1.67 lpm hydrogen-oxygen addition at varying AFRs and spark timings which were 
varied via a programmable ECU and LABVIEW software. The AFR was varied by 
changing the duration of injection (DOI) in steps of 0.2ms. The test matrix can be 
seen in Table 10. The ranges of DOI were chosen so that different mixtures varying 
from slightly rich up to the leanest mixtures that would provide stable operation 
would be tested with hydrogen-oxygen addition. The leanest allowable mixture was 
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 Sharp increases in HC emissions denote misfiring and thus unstable engine operation 




Table 10: Engine 2 test matrix 
HHO Addition: 1.67 lpm Spark Advance [°Crank Angle BTC], DOI [ms] 
Engine Speed MAP[kPa] (% full load) 40° 30° 20° 10° 
1500rpm 
60 kPa (40%) 6.0-4.4ms 6.0-4.4ms 6.0-4.6ms 6.0-5.0ms 
80 kPa (68%) 7.6-5.2ms 7.6-5.2ms 7.6-5.4ms 7.6-5.8ms 
2650rpm 
60 kPa (40%) 6.2-4.4ms 6.2-4.4ms 6.2-4.8ms 6.2-5.4ms 
82 kPa (71%) 9.0-6.0ms 9.0-6.2ms 9.0-6.4ms 9.0-7.0ms 
 
Engine 3 was tested at different speeds and loads with 1.67 lpm hydrogen-oxygen 
addition, as seen in Table 11. The setup used was made by Seychell (2010). 
Table 11: Engine 3 test matrix 
HHO Addition: 1.67lpm 
Engine Speed Idle 1510rpm 1550rpm 1995rpm 2040rpm 
MAP 104 kPa 120 kPa 108 kPa 122 kPa 141 kPa 





The test engine speeds and loads were selected to match those used by most authors 
mentioned in section 2.4.4, which correspond to typical engine operating conditions 
while driving. 
Electrolytic production and hydrogen-oxygen gas were used during the tests for the 
following reasons: 
 Alkaline electrolysers are simple, compact and easy to build and operate and install 
on board vehicles. Furthermore the gas is produced and consumed immediately so no 
hydrogen storage is necessary. 
 Oxygen aids combustion too (Sebastian, Nagarajan 2010) while the equipment is 
further simplified if the hydrogen and oxygen are not separated but allowed to mix. 
 The hydrogen-oxygen gas mixture produced is stoichiometric, thus the AFR inside 
the cylinder is left unaffected. 
 Only water and NaOH (easily available) are required, where in theory NaOH does 
not require replacement as it is not consumed in the reaction. 




 Other hydrogen production methods like SMR and POX yield other gases like CO 
and CO2 and thus the results obtained would incorporate the effects of these gases too. 
The hydrogen-oxygen flow rates used during the tests were comparable to those used 
by Dülger and Özçelik (2000) for the first hydrogen-oxygen generator and by Yilmaz, 
Uludamar and Aydin (2010) and Samuel and McCormick (2010) for the second 
generator. These flow rates were also chosen because of the fact that excessive 
hydrogen addition could produce more NOx while currents in excess of 30A would be 
required, consuming significant amounts of power. In addition, the purpose of the 
tests was not to test the engine with hydrogen as a secondary fuel but as an additive to 
enhance combustion.  
4.3. Calculations 
4.3.1. Performance Calculations 
Unless expressly stated, the following equations and methods were used to calculate 
the results presented in chapter 5. The meanings of the variables in the formulas are 
given in Table 12, while the subscripts fuel (i.e. petrol for engines 1 and 2, and diesel 
for engine 3), H2 and HHO have their usual meaning.  
Engine input power (in Watts) when no hydrogen-oxygen gas was added was 
calculated using the equation below: 
                                                (eqn.28.) 
When hydrogen-oxygen was added the input power was calculated as follows: 




Based on the assumptions that one mole of water (H2O) decomposes into two moles 
of hydrogen and one mole of oxygen and that the two gases behave as ideal gases (i.e. 
have the same molar volumes
62
), then:        
 
 
       (eqn.30.) 
The efficiency and specific fuel consumption of the engines were calculated using the 
next equations: 
                   
                  
                  
        (eqn.31.) 
      
         
                  
  (eqn.32.) 
The engine input power formula used to calculate the engine‘s efficiency depended on 
whether the efficiency was being calculated for operation with or without hydrogen-
oxygen addition. For both modes of operation the engine output power (in Watts) was 
calculated by:                      
    
  
 (eqn.33.) 
Table 12: Variable descriptions and units 
Variable Description Unit 
T Engine output torque Nm 
N Engine speed rpm 
   Fuel mass flow rate kg/s 
   Volumetric flow rate m
3/s 
LHV Lower heating value J/kg 
NED Net energy density J/m3 
I Current A 
V Voltage Volts 
bsfc Brake specific fuel consumption g/kW.hr 
NOTE: All equations give input/output power in Watts 
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 The average volume of 1kmol of an ideal gas at a temperature of 0°C and pressure of 1.01325 bar is 
22.414m
3




4.3.2. Fuel Consumption 
In engine 2 the DOI was used to calculate the fuel consumption based on injection 
flow rate test results obtained by Bartolo (2010) on the same set of injectors used in 
engine 2. The tests showed that the average fuel flow rate per injector was of 0.00307 
ml/ms. In order to calculate the fuel consumption (in g/s) of engine 2 the following 
equation was used: 
                  
           
   
  (eqn.34.) 
Where, n is the number of injectors (i.e. 4), N is the engine speed in rpm, DOI is the 
duration of injection in ms, t is the injector dead time
63
 estimated to be 0.5ms by 
Farrugia, Rossey and Sangeorzan (2005), f is the fuel flow rate per injector in ml per 
ms (i.e. 0.00307ml/ms), ρ is the fuel density in kg per ltr, and c is a constant having a 
value of 2 in four stroke engines (since each injector operates once every two 
revolutions) and 1 in two stroke engines. 
The fuel consumption of engine 3 was calculated by measuring the change in mass of 
the fuel inside the fuel tank during the tests over a known period of time, as shown by 
the following equation: 
                  
                         
        
  (eqn.35.) 
4.3.3. AFR Calculations (for engine 2 only) 
The AFR sensor used during the experiments on engine 2 was only able to measure 
AFRs having a maximum value of 18. Thus the DOI was used to extrapolate the AFR 
for mixtures exceeding this limit value. For this reason the measured AFR up to a 
value of 18 were plotted against the respective DOI for each test mode. As expected, 
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in all cases a linear relationship between AFR and DOI was obtained, Figure 35 
shows a typical AFR vs DOI plot. The linear equation obtained was then used to 
calculate the AFR of mixtures having an AFR higher than 18. 
 
Figure 35:  Relationship between AFR and DOI at 1500rpm, 60kPa 
4.3.4. Modified Plint Gas Analyser 
The Plint Gas analyser was a modified version of the original unit where the readings 
given out were measured in terms of output voltage of the sensor and not actual 
concentrations. These output voltages were then converted into concentrations of HC, 
CO2 and O2 using linear formulas obtained by calibrating the unit before each test 
with a gas having known concentrations of the gases to be measured – 1105ppm HC 
(based on C3), 21.85% CO2 and 21% O2. Different calibration curves were obtained 
and used each time the unit was calibrated. Typical calibration values are shown in 
Table 13 while the respective calibration equations and charts can be seen in Figure 
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36, Figure 37 and Figure 38. The HC values obtained were then multiplied by 3 to 
convert the HC concentrations from C3 base to C1 (Heywood 1988). 
Table 13: Typical Plint gas analyser calibration values 




0ppm  2.191866V 
CO2  
21.85% 8.67901V 
 1.3007 10.561 
0% -8.12006V  
O2  
21%  0.009902V 






































Figure 37: Plint CO2 calibration 
 
 
Figure 38:Plint O2 calibration 
4.3.5. Measurement Uncertainties 
In the estimation of the measurement uncertainties, given with the results in the next 
chapter, both Type A and Type B errors were considered. The equations used for the 
estimated standard uncertainty u of a reading were as follows (JCGM 2008): 
For Type A Errors:    
 
  
   (eqn.36.) 






















Plint CO2 Calibration 



























Where s is the standard deviation given by: 
      
       
 
   
 
      (eqn.37.) 
and n is the number of readings, xi is the reading taken and   is the mean of the 
readings. 
For Type B Errors:    
 
  
   (eqn.38.) 
Where a is the semi-range between the upper and lower limits. 
Uncertainties from different sources were then combined to give the combined 
standard uncertainty uc using the equation below (subscripts 1 to j signify different 
source of uncertainty): 
                        (eqn.39.) 
The combined standard uncertainty was then multiplied by a coverage factor (k) of 2 
to obtain the expanded uncertainty U at a level of confidence of 95% as shown by the 
equation below: 
          (eqn.40.) 
Normal and rectangular distributions in the measurement readings were assumed for 
type A and type B errors respectively (JCGM 2008). 
4.4. Limitations and Constraints 
During the experiments various constraints and limitations were encountered without 
which the results would have been more accurate and complete. The biggest of these 




limited the exhaust emissions analysis to HC, CO and CO2. This was particularly felt 
in the emissions analysis of Engine 3 since diesel engines emit relatively small 
amounts of HCs and CO and more PM and NOx. 
Another major limitation was that the speeds and MAPs of the engines were not 
controlled via a closed control loop and had to be set manually. This made it difficult 
to obtain the exact same values of speed and MAP for tests that were carried out on 
different dates and times. This was not an issue in engine 2 but resulted in similar but 
differing engine speeds and MAPs for engines 1 and 3 at different test modes which 
made like with like comparisons difficult to do, like for example comparing the effect 
of adding 0.3 lpm and 1.67 lpm hydrogen-oxygen on engine 1 at a given speed and 
load. 
The absence of equipment calibration data and certificates, which could have been 
used to quantify Type B errors more accurately, was also a constraint. Due to this as 
many readings as possible were taken so as to quantify the uncertainties statistically 






CHAPTER 5: RESULTS AND DISCUSSION 
This chapter presents the results of the tests carried out on engines 1, 2 and 3. The 
relevant measurement data is given in the respective sections. All the measurements 
given are the averages of the logged data at stable operation at the specific test 
conditions. All uncertainties are given at a level of confidence of 95%. All the 
percentile changes quoted are given with respect to no hydrogen-oxygen gas addition. 
The fuel property data shown in Table 2 of Chapter 2 was used to compute all the 
necessary calculations. 
5.1. Results from Tests Performed on Engine 1 
5.1.1. Engine Performance 
The torque readings for operation with and without the addition of 0.3 lpm hydrogen-
oxygen gas can be seen in Table 14 and Figure 39. The results show minor 
improvements in output torque by 1.8% and 0.75%, corresponding to increases in 
power output of 0.18kW and 0.13kW, at 2200rpm and 2800rpm respectively while at 
3200rpm a loss in torque of 2.18% was observed, as shown in Figure 40. The 
observed increases in power output are less than the 0.4kW required to produce the 
hydrogen-oxygen gas.  
Table 14: Torque readings & uncertainties for engine 1 with 0.3lpm hydrogen-oxygen addition 
 without HHO with 0.3lpm HHO 
Test Mode Torque [Nm] ± Uncertainty [Nm] Torque [Nm] ± Uncertainty [Nm] 
2200rpm, 65kPa 43.253 0.190 44.030 0.233 
2800rpm, 78kPa 59.008 0.444 59.451 0.258 





Table 15: Torque readings & uncertainties for engine 1 with 1.67lpm hydrogen-oxygen addition 
 without HHO with 1.67pm HHO 
Test Mode Torque [Nm] ± Uncertainty [Nm] Torque [Nm] ± Uncertainty [Nm] 
2200rpm, 66kPa 44.279 0.452 45.240 0.469 
2800rpm, 70kPa 49.574 0.950 48.862 0.659 
3200rpm, 70kPa 49.872 0.725 49.732 0.704 
 
 
Figure 39: Torque readings for Engine 1 with and without 0.3lpm HHO addition 
 
 


















Torque Readings with and without 0.3lpm HHO



































The addition of more hydrogen-oxygen had little effect on the performance of the 
engine.  The readings obtained with 1.67 lpm hydrogen-oxygen gas addition are 
shown in Table 15 and Figure 41. The only increase in output torque, of just 0.96Nm 
corresponding to a 2.17% increase, was observed at 2200rpm. This increased the 
power output of the engine by 0.22kW. At 2800rpm the addition of more hydrogen-
oxygen gas produced a reduction of 1.44% in torque while at 3200rpm the reduction 
in torque observed was of 0.28%, as shown by Figure 42. 
 
Figure 41: Torque readings for Engine 1 with and without 1.67lpm HHO addition 
 
 

















Torque Readings with and without 1.67lpm HHO



































The increases in output torque for both 0.3 lpm and 1.67 lpm hydrogen-oxygen 
addition at the lower speeds could be explained by the higher flame speed and 
shortened combustion caused by hydrogen. The loss in torque observed at the higher 
speeds could also be a consequence of faster combustion which shifts the peak 
pressure BTC. As the engine speed is increased the spark timing is advanced because 
the duration of combustion increases (Benson, Whitehouse 1979). Since the spark 
advance on the engine was done automatically it could have been advanced such that 
peak pressure occurred BTC resulting in greater heat losses and more work done in 
compression by the piston reducing the output torque. The variation of spark advance 
with engine speed, and the effects of different quantities of hydrogen addition and 
engine load on combustion duration caused the differences observed in torque output 
between the two amounts of hydrogen-oxygen addition. 
5.1.2. Pollutant Emissions 
Table 16 and Table 17 show the measurements of HC, CO2 and CO emissions from 






Table 16: Pollutant emission readings & uncertainties for engine 1 with 0.3lpm hydrogen-oxygen addition 
 Measurement Measurement Uncertainties 
Pollutant HC CO2 CO HC CO2 CO 
Unit ppm % % ± ppm ± % ± % 
Speed, Load without HHO 
Idle 3044.114 15.331 8.428 5.292 0.012 0.986 
2200rpm, 65kPa 1689.931 17.575 3.903 1.831 0.008 0.451 
2800rpm, 78kPa 1446.017 18.837 3.530 1.951 0.007 0.420 
3200rpm, 78kPa 1352.771 19.398 3.453 1.380 0.003 0.413 
Speed, Load with 0.3lpm HHO addition 
Idle 2979.922 15.299 8.700 5.330 0.011 1.018 
2200rpm, 65kPa 1633.274 17.832 4.148 1.228 0.008 0.479 
2800rpm, 78kPa 1391.136 19.107 3.689 0.909 0.005 0.431 
3200rpm, 78kPa 1247.861 19.415 3.760 1.085 0.004 0.443 
 
Table 17: Pollutant emission readings & uncertainties for Engine 1 with 1.67lpm hydrogen-oxygen addition 
 Measurement Measurement Uncertainties 
Pollutant HC CO2 CO HC CO2 CO 
  Unit ppm % % ± ppm ± % ± % 
Speed, Load without HHO  
Idle 2670.019 16.755 5.088 2.63 0.01 0.665452 
2200rpm, 65kPa 1758.115 18.208 4.065 1.09 0.01 0.491056 
2800rpm, 78kPa 1504.371 19.427 3.650 0.31 0.94 0.430918 
3200rpm, 78kPa 1370.748 19.982 3.581 1.28 0.00 0.42016 
Speed, Load with 1.67lpm HHO addition  
Idle 2780.692 16.675 5.455 2.25 0.01 0.654816 
2200rpm, 65kPa 1675.771 18.554 4.500 1.17 0.01 0.505592 
2800rpm, 78kPa 1442.033 19.501 3.894 0.31 0.94 0.454369 




The HC emissions are reduced with engine speed and load for both operation without 
and with flows of hydrogen-oxygen gas. In general, as shown by Figure 43 and Figure 
44 the addition of hydrogen-oxygen has reduced the emissions of HCs, with the only 
exception being at idle when 1.67 lpm hydrogen-oxygen increased HC emissions by 
4.15%. The reductions in HC emissions are caused by the higher flame speed and 
diffusivity of hydrogen resulting in more complete burning of the fuel to form more 
CO and CO2 as seen later. The lower quenching distance of hydrogen could have 
helped burn more of the HCs found in crevices and at cylinder walls (Ji, Wang & 
Zhang 2010). 
 
Figure 43: HC emissions for Engine 1 with and without 0.3lpm HHO addition 
The biggest reduction in HC emissions, by 7.76%, was observed when 0.3 lpm 
hydrogen-oxygen gas was added at 3200rpm. At 2200rpm and 2800rpm the 
reductions in HC emissions resulting from the addition of 1.67 lpm hydrogen-oxygen 
were higher than those achieved when 0.3 lpm were added. With 0.3 lpm hydrogen-
oxygen the HC emissions were reduced more as the engine speed increased starting 























HC Emissions with and without 0.3lpm HHO




When 1.67 lpm hydrogen-oxygen were added the effect on HC emissions was more 
complex, starting with an increase in HC emissions at idling to reductions of 4.68% 
and 4.14% at 2200rpm and 2800rpm respectively, ending with a reduction of 5.08% at 
3200rpm.  
 
Figure 44: HC emissions for Engine 1 with and without 1.67lpm HHO addition 
The measured emissions of CO2 for the two hydrogen-oxygen flow rates can be seen 
in Figure 45 and Figure 46. Apart from at idling the addition of hydrogen-oxygen gas 
resulted in slightly higher emissions of CO2, signifying that some extra carbon was 
being oxidized and which could be related to the reduction in HC emissions. 
However, the observed changes were very small, with the biggest being observed at 
2200rpm with 1.67 lpm hydrogen-oxygen and amounting to an increase by 1.90%.  
At all test conditions the addition of hydrogen-oxygen gas resulted in increases in CO 
emissions as shown in Figure 47 and Figure 48. The addition of 0.3 lpm hydrogen-
oxygen gas resulted in a maximum increase of 8.90% at 3200rpm while the lowest 
increase was by 3.23% at idle. On the other hand, the largest increase by the addition 
of 1.67 lpm hydrogen-oxygen gas was by 10.71% at 2200rpm and the lowest increase 






















HC Emissions with and without 1.67lpm HHO




































CO2 Emissions with and without 0.3lpm HHO


























CO2 Emissions with and without 1.67lpm HHO





Figure 47: CO emissions for Engine 1 with and without 0.3lpm HHO addition 
 
 
Figure 48: CO emissions for Engine 1 with and without 1.67lpm HHO addition 
Thus the higher hydrogen-oxygen flow rate resulted in higher CO emission increases. 
This is also confirmed by the higher average increase in CO/CO2 ratio
64
 of 0.016, 
caused by the 1.67 lpm addition compared to the 0.013 average increase caused by the 
                                                 
64
               
                               

























CO Emissions with and without 0.3lpm HHO



























CO Emissions with and without 1.67lpm HHO




0.3 lpm addition. A possible explanation could be that the higher amount of 
hydrogen-oxygen improved combustion and thus promoted the oxidation of carbon 
but the increase in temperature and concentration of oxygen were not high enough to 
fully oxidize it into CO2. The effectiveness of the fuel-air mixing inside the cylinder 
could have also had an effect in this respect (Ji, Wang 2009). 
5.2. Results from Tests Performed on Engine 2 
5.2.1. Engine Performance 
The addition of hydrogen-oxygen gas had a measurable effect on the output torque of 
the engine as can be seen from Table 18 to Table 21. At 1500rpm 60kPa MAP, the 
addition of 1.67 lpm hydrogen-oxygen gas produced a reduction in the engine‘s 
maximum output torque by 1% at 40° SA and increases by 2.1%, 3.9% and 12.4% at 
SA of 30°, 20° and 10° respectively and as can be seen in Figure 49, it also resulted in 
a consistent increase in output torque for almost all AFRs and spark timings. In many 
cases the increased torque resulted in increases in output power greater than the 
0.19kW that the complete combustion of the added hydrogen would have given, as 
shown in Figure 50.  This signifies that the addition of hydrogen has improved the 
combustion efficiency. Figure 51
65,66
 and Figure 52
67
 show the effect on the efficiency 
and specific fuel consumption of the engine respectively when hydrogen-oxygen gas 
was added. The maximum efficiency was increased by 2.3%, 4.2%, 6.3% and 9.3%
68
 
                                                 
65
 The efficiency curves reach a maximum and then decrease because as the mixture becomes leaner 
the combustion stability is reduced and the output torque is reduced. 
66
 The efficiency curves account for the extra 0.19kW of input power supplied by hydrogen. 
67
 The s.f.c. curves reach a minimum and then increase sharply because of the reduction in combustion 
efficiency as the mixture becomes very lean. 
68





resulting in reductions in specific fuel consumption of 22.46, 36.21, 57.45, 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Another interesting fact that could be seen in Figure 49 is that for all spark timings the 
AFR at which the output torque reached a value of zero was higher when hydrogen-
oxygen was added. In fact with hydrogen-oxygen addition leaner mixtures have been 
tested, showing that the increased flame speed produced by hydrogen stabilized 
combustion and extended the lean limit, particularly at 1500rpm.  
 

































Power Output Change when adding 1.67lpm HHO vs A/F Ratio, 1500rpm, 
MAP: 60kPa for different spark timings [deg BTC]
40deg 30deg 20deg 10deg
 























Torque vs A/F Ratio, 1500rpm, MAP:60kPa for different spark timings [deg BTC] with and 
without 1.67lpm HHO
40deg, w/o HHO, Data
30deg, w/o HHO, Data
20deg, w/o HHO, Data
10deg, w/o HHO, Data
40deg, w HHO, Data
30deg, w HHO, Data
20deg, w HHO, Data
10deg, w HHO, Data
40deg, w/o HHO, poly.
30deg, w/o HHO, poly.
20deg, w/o HHO, poly.
10deg, w/o HHO, poly.
40deg, w HHO, poly.
30deg, w HHO, poly.
20deg, w HHO, poly.





Figure 51: Engine 2 efficiency, 1500rpm 60kPa 
 
 
Figure 52: Engine 2 specific fuel consumption, 1500rpm 60kPa  
Figure 53 shows the effect of hydrogen-oxygen addition at 1500rpm and a MAP of 
80kPa, where it could be seen that unlike the case where the MAP was 60kPa, for 40° 
and 30° SA a reduction in output torque was observed for some AFRs. A possible 

























Efficiency vs A/F Ratio, 1500rpm, MAP: 60kPa for different spark timings             








































Brake Specific Fuel Consumption vs A/F Ratio, 1500rpm, MAP: 60kPa for different 












flame speed, the peak combustion pressure could have shifted more BTC causing 
higher losses and pumping work to be done by the piston resulting in lower output 
torque. At 30° SA the addition of hydrogen-oxygen gas initially produced increases, 
then decreases and then again increases in torque as the AFR was increased.  This 
could be also observed in the changes in output power in Figure 54.  
 
Figure 53: Torque readings for Engine 2 with least squares polynomial fit, 1500rpm 80kPa 
 
 




































Torque vs A/F Ratio, 1500rpm, MAP:80kPa for different spark timings [deg BTC] with 
and without 1.67lpm HHO
40deg, w/o HHO, Data
30deg, w/o HHO, Data
20deg, w/o HHO, Data
10deg, w/o HHO, Data
40deg, w HHO, Data
30deg, w HHO, Data
20deg, w HHO, Data
10deg, w HHO, Data
40deg, w/o HHO, poly.
30deg, w/o HHO, poly.
20deg, w/o HHO, poly.
10deg, w/o HHO, poly.
40deg, w HHO, poly.
30deg, w HHO, poly.
20deg, w HHO, poly.
































Power Output Change when adding 1.67lpm HHO vs A/F Ratio, 1500rpm, 
MAP: 80kPa  for different spark timings [deg BTC]




This could be explained by the fact that the flame speed of hydrogen increases as the 
mixture is made leaner (Dong et al. 2009) while that for petrol is highest at close to 
stoichiometric and decreases as the mixture is made leaner or richer (Cassidy 1977). 
Thus for rich and lean mixtures the combined effect on flame speed would keep the 
peak pressure location close to TDC and/or ATC while at slightly lean mixtures the 
peak pressure could be pushed BTC as a higher flame speed results. This would result 
in increased torque with hydrogen-oxygen addition at the rich and lean mixtures while 
at stoichiometric and slightly lean mixtures a reduction would be observed. For 20° 
and 10° SA the effect on torque was similar to that observed at 60kPa MAP. 
 
Figure 55: Engine 2 efficiency, 1500rpm 80kPa 
A reduction of 1.3% at 40° SA and increases by 2.3%, 3.7% and 12.4% at 30°, 20° 
and 10° SA respectively in maximum output torque were observed at 1500rpm and 
80kPa. This caused the maximum efficiency, shown in Figure 55, to be reduced by 
4.5% at 40° SA while at 10° SA it was increased by 7%. These resulted in an increase 
in specific fuel consumption by 19.23g/kWhr at 40° SA and a reduction of 
































Efficiency vs A/F Ratio, 1500rpm, MAP: 80kPa for different spark timings            













Figure 56: Engine 2 specific fuel consumption, 1500rpm 80kPa 
 
As shown in Figure 57 the addition of hydrogen-oxygen gas at 2650rpm and 60kPa 
MAP reduced the maximum output torque at 40° SA by 5.6% while at 30°, 20° and 
10° SA the torque was increased by 0.8%, 6.8% and 6.6% respectively. However for 
most AFRs, as shown in Figure 57 and Figure 58, the output torque and thus power, 
were less when hydrogen-oxygen was added at 30° and 20° SA, possibly for the same 






























Brake Specific Fuel Consumption vs A/F Ratio, 1500rpm, MAP: 80kPa for different 













Figure 57: Torque readings for Engine 2 with least squares polynomial fit, 2650rpm 60kPa 
 
 
Figure 58: Engine 2 change in  power output, 2650rpm 60kPa 
At 40° and 30° SA the minimum specific fuel consumption increased by 3.8g/kWhr 
and 5.7g/kWhr respectively because the maximum efficiencies were reduced by 0.9% 
and 1.1%. On the other hand, at 20° and 10° SA the minimum specific fuel 

























Torque vs A/F Ratio, 2650rpm, MAP:60kPa for different spark timings [deg BTC] with 
and without 1.67lpm HHO
40deg, w/o HHO, Data
30deg, w/o HHO, Data
20deg, w/o HHO, Data
10deg, w/o HHO, Data
40deg, w HHO, Data
30deg, w HHO, Data
20deg, w HHO, Data
10deg, w HHO, Data
40deg, w/o HHO, poly.
30deg, w/o HHO, poly.
20deg, w/o HHO, poly.
10deg, w/o HHO, poly.
40deg, w HHO, poly.
30deg, w HHO, poly.
20deg, w HHO, poly.

































Power Output Change when adding 1.67lpm HHO vs A/F Ratio, 2650rpm, 
MAP: 60kPa for different spark timings [deg BTC]




maximum efficiencies increased by 3.8% and 20.7% as can be seen in Figure 59 and 
Figure 60. 
 
Figure 59: Engine 2 efficiency, 2650rpm 60kPa 
 
 
Figure 60: Engine 2 specific fuel consumption, 2650rpm 60kPa 
The results for the tests carried out at 2650rpm and 82kPa MAP, shown in Figure 61, 

























Efficiency vs A/F Ratio, 2650rpm, MAP: 60kPa for different spark timings           









































Brake Specific Fuel Consumption vs A/F Ratio, 2650rpm, MAP: 60kPa for different 












had a lesser effect on the engine‘s performance. In fact the changes in maximum 
output torque were a reduction by 0.9% and increases by 1.7%, 2.1% and 0.4% for  
spark timings of 40°, 30°, 20° and 10° BTC respectively. However, as shown in 
Figure 62, even though small, these changes produced the largest increases in output 
power of all the test modes. 
The increases in maximum efficiency for SA of 40°, 30°, 20° and 10°  were by 1.0%, 
0.9%, 0.8% and -0.1% resulting in reductions in the specific fuel consumption of 
4.94g/kWhr, 4.53g/kWhr, 4.64g/kWhr and 0.90g/kWhr respectively. 
 
 











































Torque vs A/F Ratio, 2650rpm, MAP:82kPa for different spark timings [deg BTC] 
with and without 1.67lpm HHO
40deg, w/o HHO, Data
30deg, w/o HHO, Data
20deg, w/o HHO, Data
10deg, w/o HHO, Data
40deg, w HHO, Data
30deg, w HHO, Data
20deg, w HHO, Data
10deg, w HHO, Data
40deg, w/o HHO, poly.
30deg, w/o HHO, poly.
20deg, w/o HHO, poly.
10deg, w/o HHO, poly.
40deg, w HHO, poly.
30deg, w HHO, poly.
20deg, w HHO, poly.





















































Power Output Change when adding 1.67lpm HHO vs A/F Ratio, 2650rpm, 
MAP: 82kPa for different spark timings [deg BTC]



































Efficiency vs A/F Ratio, 2650rpm, MAP: 82kPa for different spark timings              













Figure 64: Engine 2 specific fuel consumption, 2650rpm 82kPa 
5.2.2. Pollutant Emissions 
The results obtained show that in general the addition of hydrogen-oxygen had a 
positive effect in reducing HC emissions while CO and CO2 emissions were increased 
as shown in Table 22 to Table 33 and in Figure 65 to Figure 76. In Figure 65 to Figure 
76 the data is only plotted up to the points where the engine output torque was greater 


































Brake Specific Fuel Consumption vs A/F Ratio, 2650rpm, MAP: 82kPa for different 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 65: Engine 2 HC emissions, 1500rpm 60kPa  
The HC emissions (seen in Figure 65) at 1500rpm and 60kPa MAP show that the 
effect of hydrogen-oxygen addition had the largest effect at a SA of 40° BTC. The 
reduction was greatest at an AFR of 14.2 and amounted to an actual reduction of 
128ppm in HC i.e. a reduction of 7.92%. The biggest reduction in terms of percentage 
was 8.29% and was observed at an AFR of 14.8. The reductions in HC emissions got 
progressively smaller as the mixture was made leaner. 
As can be seen in Figure 65 at a SA of 30° and 10° the HC emissions with hydrogen-
oxygen addition were slightly higher than those without it. At 30° SA this was caused 
by some misfires that occurred during that test which raised the average HC 
emissions. At 10° SA the increase in emitted HCs could be due to the reduced mixing 
time when hydrogen-oxygen gas was added which would not be compensated by 
more efficient burning. In lean mixtures the flame propagates slower than in rich ones 
and thus more time is available for the non-combusted mixture to mix before being 


































HC Emissions vs A/F Ratio, 1500rpm, MAP:60kPa for different spark timings [deg BTC] 












increases the flame speed, particularly at lean conditions, the time available for pre-
mixing would be less resulting in higher HC formation because at low load and 
engine speed the combustion temperatures would be relatively low and HC oxidation 
would not be as promoted as it would be at higher loads and faster speeds.  
 
Figure 66: Engine 2 HC emissions, 1500rpm 80kPa 
The effect would be similar to having advanced the spark timing. In petrol engines, 
the increase in HC emissions with hydrogen-oxygen addition would therefore be 
peculiar to low speed and load operation. In fact the same behaviour was only noticed 




































HC Emissions vs A/F  Ratio, 1500rpm, MAP:80kPa for different spark timings [deg BTC] 













Figure 67: Engine 2 HC emissions, 2650rpm 60kPa 
The same behaviour was not observed when the MAP was increased to 80kPa at the 
same engine speed meaning that the increased in-cylinder pressures and temperatures 
caused by the higher load promoted the oxidization of HCs resulting in similar 
emissions for 30-10° SA with and without hydrogen-oxygen. This could also explain 
why the reductions in HC emissions with hydrogen-oxygen addition were low at 
1500rpm but bigger at 2650rpm, as will be seen later on. At 40° SA a reduction by 
14.42% in HC emissions was observed at 1500rpm, 80kPa MAP causing an actual 
reduction in emissions of 260ppm while at an AFR of 18.8 and SA of 20° the 
emissions were reduced by 18.13% – the highest percentile reduction. 
At 2650rpm and 60kPa MAP the most significant reductions in emitted HC were 
observed. At an AFR of 16.5 and 30°, adding hydrogen-oxygen gas reduced the HC 
emissions from 1058ppm to 683pmm, a reduction of over 35%. A reduction of 
408pmm was also observed at an AFR of 14.6 and 40° SA. For all spark timings the 
































HC Emissions vs A/F Ratio, 2650rpm, MAP:60kPa for different spark timings [deg BTC] 












became leaner. Unlike at 1500rpm the combustion temperatures at the higher engine 
speed contribute to the oxidation of HC during the longer post combustion period 
resulting from hydrogen-oxygen addition. 
 
Figure 68: Engine 2 HC emissions, 2650rpm 82kPa 
At 2650rpm and 82kPa MAP the reductions in HC emissions were less than those 
noticed at the same engine speed and lower load even though significant reductions 
for all spark timings tested were observed. The highest observed reduction was by 
25.54% at a SA of 10° and an AFR of 16. As can be seen in Figure 68 the HC 
emissions at the given conditions were less than the corresponding values shown in 
Figure 67 showing that the oxidation of HCs was already high and thus the effect of 
hydrogen-oxygen addition was less marked. 
The increased oxidation of HCs resulted in increased emissions of CO2 as would be 
expected. At 1500rpm, 60kPa MAP the most significant increase in CO2 emissions by 
3.74% occurred at 40° SA at an AFR of 14.2, which coincided with the largest actual 









































































HC Emissions vs A/F Ratio, 2650rpm, MAP:82kPa for different spark timings [deg BTC] 












somewhat consistent for all AFRs and SA with an average increase by 2.72%, as seen 
in Figure 69. 
 
Figure 69: Engine 2 CO2 emissions, 1500rpm 60kPa  
 
 





































CO2 Emissions vs A/F Ratio, 1500rpm, MAP:60kPa for different spark                








































CO2 Emissions vs A/F  Ratio, 1500rpm, MAP:80kPa for different spark                 












Figure 70 shows the CO2 emissions at 1500rpm and a MAP of 80kPa. At this test 
mode reductions in CO2 emissions were observed when hydrogen-oxygen was added. 
For each SA the reductions in emissions decreased gradually to turn into an increase 
as the AFR was increased. However the changes observed were very small with the 
average increase being 0.47%. This very small change tallies with the similar 
emissions of HCs observed with and without hydrogen-oxygen. 
 
Figure 71: Engine 2 CO2 emissions, 2650rpm 60kPa 
The CO2 emissions increased with hydrogen-oxygen addition in a similar manner 
during the tests performed on the engine at 2650rpm with MAPs of 60kPa and 82kPa, 
as shown in Figure 71 and Figure 72 respectively. As can be seen, peak CO2 
formation was shifted towards richer mixtures when hydrogen-oxygen was added for 
both loads at 2650rpm. At a 60kPa MAP the increase in CO2 emissions was the 
greatest at an AFR of 14.6 and SA of 30° resulting in a 3.78% increase. At a MAP of 





































CO2 Emissions vs A/F Ratio, 2650rpm, MAP:60kPa for different spark                         













Figure 72: Engine 2 CO2 emissions, 2650rpm 82kPa 
The increased emissions of CO2 with hydrogen-oxygen addition indicate that more 
complete combustion has taken place. However this also resulted in increases in CO 
emissions as seen in Figure 73 to Figure 76. In general the results show that the 
emissions of CO decreased with increasing AFR and increased with hydrogen-oxygen 
addition. SA also influenced the emissions of CO but its effect on the emissions 
became less with higher engine speed and load. The increases in CO could be the 
result of insufficiently high temperatures to fully oxidize the HCs and/or due to the 
increased concentration of CO2 which would increase the concentration of CO due to 
















































































CO2 Emissions vs A/F Ratio, 2650rpm, MAP:82kPa for different spark                













Figure 73: Engine 2 CO emissions, 1500rpm 60kPa  
 
 



























































CO Emissions vs A/F Ratio, 1500rpm, MAP:60kPa for different spark timings [deg BTC] 













































































CO Emissions vs A/F Ratio, 1500rpm, MAP:80kPa for different spark timings [deg BTC] 













Figure 75: Engine 2 CO emissions, 2650rpm 60kPa 
 
 
Figure 76: Engine 2 CO emissions, 2650rpm 82kPa 
The CO/CO2 ratio could be used to determine if the increases in CO were due to the 





































































CO Emissions vs A/F Ratio, 2650rpm, MAP:60kPa for different spark timings [deg BTC] 

























































































CO Emissions vs A/F Ratio, 2650rpm, MAP:82kPa for different spark timings [deg BTC] 












between the CO/CO2 ratios without and with hydrogen-oxygen addition
69
 for the 
given test conditions have been calculated and are shown in Figure 77 to Figure 80. 
Positive changes in the CO/CO2 ratio denote an increase of CO relative to CO2 with 
the addition of hydrogen-oxygen signifying that HCs were being only partially 
oxidized. On the other hand, negative values signify a decrease of CO relative to CO2 
meaning that the increased concentration of CO relative to no hydrogen-oxygen 
addition was more likely due to dissociation of more CO2 and that CO compared to 
CO2 has been reduced with the addition of hydrogen-oxygen. 
 
 
Figure 77: Engine 2 change in CO/CO2 Ratio with hydrogen-oxygen addition, 1500rpm 60kPa  
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Difference Between CO/CO2 Ratio without and with 1.67lpm HHO for 
different spark timings [deg BTC] and A/F Ratios, 1500rpm, MAP:60kPa





Figure 78: Engine 2 change in CO/CO2 Ratio with hydrogen-oxygen addition, 1500rpm 80kPa 
 
 










































Difference Between CO/CO2 Ratio without and with 1.67lpm HHO for 
different spark timings [deg BTC] and A/F Ratios, 1500rpm, MAP:80kPa






































Difference Between CO/CO2 Ratio without and with 1.67lpm HHO for 
different spark timings [deg BTC] and A/F Ratios, 2650rpm, MAP:60kPa





Figure 80: Engine 2 change in CO/CO2 Ratio with hydrogen-oxygen addition, 2650rpm 82kPa 
As seen in Figure 77 and Figure 78 the differences in the CO/CO2 ratio at 1500rpm 
were mostly positive meaning that the combustion temperatures were not high enough 
to fully oxidize the HCs. At 2650rpm and lower load the differences in CO/CO2 ratio, 
as shown in Figure 79, vary from positive to negative meaning that the prevailing CO 
formation mechanism was dependent on the AFR and SA (thus CO formation kinetics 
could have played a role too). Figure 80 shows that the in-cylinder temperatures at the 
higher engine speed and load were high enough to produce more CO2 relative to CO 
when hydrogen-oxygen was added. The above also complements what had been 











































Difference Between CO/CO2 Ratio without and with 1.67lpm HHO for 
different spark timings [deg BTC] and A/F Ratios, 2650rpm, MAP:82kPa




5.3. Results from Tests Performed on Engine 3 
5.3.1. Engine Performance 
The addition of hydrogen-oxygen gas in the diesel engine resulted in very small 
improvements in the output torque of the engine as seen in Table 34 and Figure 81. 
The biggest increase by 1.45% occurred at idling, as shown in Figure 82. The 
improvements in torque decreased as the engine speed and load increased, possibly 
because of the reduced energy input contribution by hydrogen when compared to the 
total energy input at such conditions. 
Table 34: Torque readings & uncertainties for engine 3 
Engine 3 without HHO with 1.67lpm HHO 
 Speed, Load Torque [Nm] ± Uncertainty [Nm] Torque [Nm] ± Uncertainty [Nm] 
Idle: 934rpm, 104kPa 11.360 0.004 11.524 0.003 
1550rpm, 108kPa 41.034 0.013 41.280 0.012 
1510rpm, 120kPa 103.574 0.023 104.118 0.026 
1995rpm, 122kPa 73.088 0.019 73.171 0.018 
2040rpm, 141kPa 120.109 0.019 120.359 0.019 
During the tests the fuel consumption was also recorded but as shown in Table 35 the 
addition of hydrogen-oxygen had no appreciable effect on the specific fuel 
consumption. 












s.f.c without HHO 468.01g/kWhr 247.73g/kWhr 207.60g/kWhr 220.05g/kWhr 215.13g/kWhr 




In all cases, the measured increases in torque correspond to a much lower increase in 
power output than the added power input supplied by hydrogen (0.19kW) and thus 
were more likely caused by this extra energy input rather than by improved 
combustion, even though the addition of hydrogen could provide a more homogenous 
combustion. 
 








































%Change when adding 1.67lpm HHO to the diesel 
engine
 




















Torque Readings with and without 1.67lpm HHO




5.3.2. Pollutant Emissions 
The emissions of pollutants in the diesel engine have not been affected strongly by the 
addition of hydrogen-oxygen as shown in Table 36. However it is to be noticed that 
the emissions of CO and HC of the diesel engine are already very low at all conditions 
when compared to those of the two petrol engines. 
Table 36: Pollutant emission readings & uncertainties for Engine 3 
 Measurement Measurement Uncertainties 
Pollutant HC CO2 CO HC CO2 CO 
Unit ppm % %  ± ppm ± % ± % 
 Speed, Load without HHO 
Idle: 934rpm, 104kPa 156.594 11.513 0.062 0.360 0.002 0.010 
1550rpm, 108kPa 138.880 11.665 0.100 0.355 0.002 0.013 
1510rpm, 120kPa 316.906 15.576 0.115 0.483 0.004 0.015 
1995rpm, 122kPa 236.073 14.597 0.103 0.382 0.002 0.014 
2040rpm, 141kPa 406.159 16.911 0.123 0.787 0.001 0.016 
 Speed, Load with 1.67lpm HHO 
Idle: 934rpm, 104kPa 154.525 11.243 0.071 0.348 0.003 0.010 
1550rpm, 108kPa 148.135 11.665 0.099 0.370 0.001 0.013 
1510rpm, 120kPa 342.199 15.877 0.111 0.577 0.004 0.013 
1995rpm, 122kPa 245.677 14.728 0.100 0.393 0.002 0.013 
2040rpm, 141kPa 431.707 16.921 0.100 1.013 0.001 0.013 
Figure 83 shows that contrary to the petrol engines and to what would be expected 
from more homogenous combustion, the addition of hydrogen-oxygen gas in the 
diesel engine resulted in a slight increase in HC emissions. The biggest increase in 
emissions occurred at 1510rpm and amounted to 25.29ppm, corresponding to a 7.98% 
increase. The only reduction in HC emissions, by 1.32%, was observed at idling. A 




some lubricating oil or/and hydrogen reacted with CO to produce some light HCs 
(Conte, Boulouchos 2004).  
 
Figure 83: HC emissions for engine 3 with and without 1.67lpm HHO addition 
The emissions of CO2, shown in Figure 84, were also reduced slightly by a maximum 
of 2.34% at idling while at 1550rpm and 2040rpm no significant change could be 
seen. The CO2 emissions at 1510rpm and 1995rpm increased by 1.93% and 0.9% 
respectively. 
 





























HC Emissions with and without 1.67lpm HHO


























CO2 Emissions with and without 1.67lpm HHO




The emissions of CO followed the inverse trend of HC emissions where they 
increased at idle and decreased at all the other test conditions as shown by Figure 85. 
At idle the increase in CO was of 13.58% while the highest reduction in CO was of 
18.75% and occurred at 2040rpm. However, it is to be noted that since the CO 
emissions are very small the percentage changes can be very big even if the actual 
reduction would be minimal. For instance at 2040rpm the actual difference between 
the readings of CO% in the exhaust gases was of only 0.023% resulting in a reduction 
of 18.75% from the no hydrogen-oxygen addition case because at the latter condition 
the actual reading was of 0.123%. This is also indicated by the higher uncertainties 
(which are also shown in Figure 85) of the CO readings. 
 
Figure 85: CO emissions for engine 3 with and without 1.67lpm HHO addition 
The fact that at idling an increase in CO emissions occurred while the highest increase 
in output torque and the highest reductions in CO2 and HC emissions were observed 
could signify that at this condition the presence of hydrogen did promote the burning 
of more fuel but the temperatures inside the cylinder were not high enough to fully 
oxidize the fuel resulting in increased CO emissions rather than CO2 as would be 
























CO Emissions with and without 1.67lpm HHO




5.4. Discussion of Results 
The results show that adding a small amount of hydrogen to the intake of an engine as 
an additive can have an effect on its performance and pollutant emissions. The tests 
performed on engines 1 and 2 show that adding hydrogen has a more pronounced 
effect on the performance of the engine at lower speeds. At higher speeds the effect 
on performance is less but HC emissions reductions are larger. The changes obtained 
in the results of the tests on engine 3 are much smaller and close to the uncertainty 
limits. This could be attributed to the fact that the diesel engine used utilizes high 
pressure, common rail direct injection that improves air-fuel mixing and combustion 
efficiency considerably, leaving little room for improvement by adding hydrogen. 
This is confirmed by the fact that, for example, at 1510rpm engine 3 produced 104Nm 
of torque and emitted less than 0.12% CO and 320ppm HC having a specific fuel 
consumption of 208g/kWhr. The engine used by Yilmaz et al. (2010), who noticed 
average reductions by 14%, 5%, 13.5% in specific fuel consumption, HC emissions 
and CO emissions respectively,  produced around 160Nm of torque at 1500rpm but 
emitted 7.5% CO and 8400ppm HC and consumed 1200g/kWhr of fuel. Comparing 
the values at these different but similar engine operating conditions shows that the 
engine used by Yilmaz et al. (2010) was less efficient and polluted much more than 
engine 3 and this could explain why the differences they observed were much higher.  
Also, the greater engine displacement of engine 3 coupled with turbo charging and 
EGR – which could have diluted and dampened the effects of hydrogen – and 
differences in the combustion process between CI and SI engines, could explain why 




An important aspect of HEC is whether the observed increases in efficiency would be 
enough to compensate for the power required to produce the hydrogen. As already 
mentioned the increases in output power for engines 1 and 3 are not sufficiently high 
and therefore HEC would be unsustainable if this power is provided by the engine 
itself. For engine 2 the situation is different and depends on the operating conditions, 
mainly engine speed, spark timing and load. Figure 50 to Figure 62 show the changes 
in output power caused by the addition of hydrogen-oxygen. It could be seen that, 
apart at 2650rpm 60kPa MAP, generally the increase in power output increases as the 
air-fuel mixture was leaned and the spark timing was retarded. Also, in many of these 
instances the increase in power output was greater than 0.4kW, as was required to 
produce hydrogen at an efficiency of 48%. 
However, comparing the increases in output power at very lean mixtures and retarded 
spark timings does not make much sense because of the lower efficiency and stability 
of the engine. Also, the power required to produce the hydrogen would be significant, 
if not greater than the useful output power of the engine. Thus a comparison of 
performance and pollutant emissions between the test modes which produced the 
maximum efficiency and maximum output power with and without hydrogen-oxygen 
addition was made and is shown in Table 37. In Table 37 the net power output change 
is shown for hydrogen generator efficiencies of 48% (as of the generator used) and 
75%
70
 (as could be achieved by optimized/commercial generators).  
In most cases, the only exception being at 1500rpm 80kPa MAP, the engine‘s 
efficiency increases but this is not enough to make up for the power consumed to 
produce the hydrogen, even if a hydrogen generator with an efficiency of 75% was 
used.  
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Table 37: Comparison between operation with and without HHO addition at maximum efficiency and 
maximum output power for engine 2 
 
Speed  MAP  AFR SA       Efficiency Torque SFC HC CO2 CO 
Net Output Power 
Change [W] 











1500 60 Equal Equal 2.62 5.68 -5.50 3.40 2.71 -23.53 -235.54 -90.54 
1500 80 Richer Equal 0.95 5.55 -1.49 17.13 -0.91 390.00 -75.79 69.21 
2650 60 Leaner Equal -0.94 -3.00 0.55 -32.80 3.37 -32.12 -496.76 -351.76 









1500 60 Equal Equal 1.07 2.05 -2.06 0.23 2.24 -12.99 -337.26 -192.26 
1500 80 Equal Retarded 1.40 2.56 -1.88 -16.92 -0.88 -0.49 -234.95 -89.95 
2650 60 Leaner Equal 0.64 -5.57 -1.01 -28.72 4.56 -30.21 -603.86 -458.86 
2650 82 Richer Retarded 1.69 2.81 -1.90 -13.15 10.66 8.67 -149.66 -4.65 
* η = HHO Generator Efficiency 
 
This means that in order to take advantage of the benefits of HEC the power to 
produce the hydrogen should come from sources like solar panels on the roof of the 
vehicle and/or kinetic energy recovery systems. Nonetheless system optimization and 
control would be required so as to maximize the benefits of HEC and use it only when 
its effects would be beneficial. System optimization in terms of varying the hydrogen-
oxygen addition flow rates could provide the necessary gain in power to make HEC 
feasible. In addition, since the hydrogen-oxygen gas produced the most pronounced 






CHAPTER 6: CONCLUSIONS 
6.1. Key Findings 
The results from the tests carried out showed that: 
 In general adding hydrogen-oxygen to engines 1 and 2 promoted the burning of 
HCs by better air-fuel mixing, reduced quenching distance and longer post-
combustion period (at high loads and engine speeds), as also reported by other 
researchers mentioned in Chapter 2.  
 Occasionally, at low load and low speeds HC emissions from engines 1 and 2 were 
higher with hydrogen-oxygen addition, possibly because of the lower combustion 
temperatures that caused the concentrations of pollutants to freeze during the longer 
post-combustion period. Another factor could be that the faster burning of hydrogen 
relative to petrol could leave locally rich mixtures resulting in higher pollutant 
formation (Ji, Wang 2009). Increased HC emissions were also observed by Cassidy 
(1977) at certain combinations of air-fuel mixtures when hydrogen was added. 
 In engine 3 the addition of hydrogen-oxygen increased the emissions of HCs, 
possibly due to the hydrogenation of CO and increased combustion of lubricating oil 
(Conte, Boulouchos 2004). Similar behaviour was also observed by Samuel and 
McCormick (2010) and Saravanan and Nagarjan (2008b).  
 The increased burning of HCs in all engines resulted in increased emissions of CO 
and CO2 where CO formation was favoured at low load, low speed operation due to 
the low combustion temperatures. At higher temperature operation the increased 
concentration of CO2 (due to better HC oxidation) might have led to increased 




and Conte and Boulouchos (2004). Thus, reductions in CO and CO2 when hydrogen-
oxygen was added as observed by other researchers are likely due to the replacement 
of carbon-rich fuel with hydrogen. 
 Increases in the power output with hydrogen-oxygen addition have been observed 
for all the engines. The most significant increases were observed in the petrol engines 
(engines 1 and 2) but depending on the engine speed, load and ignition timing even 
power losses were observed. Both increases and losses in power output could be 
attributed to the faster flame speed induced by hydrogen addition which causes the 
peak pressure to occur closer to TDC in the case of increased power and more BTC in 
the case of loss of power relative to no hydrogen-oxygen addition.  
 Increased output power was also observed for engine 3 when hydrogen-oxygen 
was added but the changes were insignificant and close to the uncertainties. The small 
changes relative to the petrol engines could be due to the engine‘s efficient injection 
system and because in CI engines combustions occurs spontaneously at various 
locations unlike in SI engine where the flame starts at the spark plug and propagates 
to the rest of the mixture. Thus in CI engines the flame speed is not as determining as 
it is in SI engines. 
 In all test modes the increased power output of engines 1 and 3 with hydrogen 
addition was not enough to compensate for the power required to generate the 
hydrogen. In the case of engine 2 this depended on engine speed and load, the AFR 
and SA. A comparison of operation at peak efficiency and peak power output with 
and without hydrogen-oxygen addition showed that in most cases the increase in 
output power was still not enough to produce the hydrogen, even if a 75% efficient 
hydrogen generator was to be used. However the power deficit was in many cases 




energy recovery methods and, for example, using solar panels on the car‘s roof. 
Furthermore, during the tests no attempts were made to optimize the system in terms 
of hydrogen-oxygen flow rates and thus with proper system optimization enough gain 
in power could be achieved to sustain onboard electrolytic hydrogen production. 
 The test results showed, in agreement with the findings of other researchers as 
mentioned in Chapter 2, that hydrogen addition produced the best effects at lean 
mixture operation and retarded spark timing (SA ≤ 20°BTC). Generally at these 
conditions the increase in power output was more than the power needed to generate 
the hydrogen but since engine 2 was not designed for lean operation this did not 
coincide with peak output power and efficiency. Hydrogen-oxygen addition also 
extended the lean limit of the engine under many of the testing modes. 
 Hydrogen-oxygen addition also allowed for operating engine 2 at more retarded 
spark timings thanks to the faster flame speed, thus allowing for better air-fuel mixing 
before combustion improving its efficiency and producing fewer pollutants. 
6.2. The Contribution of HEC 
From the results obtained HEC seems to be most beneficial if optimized
71
 and used in 
conjunction with kinetic energy recovery systems (to be used to produce hydrogen) in 
lean burning petrol engines. Such engines have been introduced in the market as 
‗clean‘ engines since the 1980‘s (Toyota 2011a) but have not gained much market 
share since then (EC 2005a). This has mainly been caused by the lower power density 
and stability of lean burn engines (Tiwary, Colls 2010) which require more restrained 
driving (Folz 2000) and also because development  of lean NOx after-treatment started 
in the mid-1980‘s (König, Held & Richter 2004). So, even though lean burn engines are 
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less polluting at source and more efficient than stoichiometric engines (Evans 2008), 
the latter were favoured because when fitted with a TWC these obtained lower overall 
pollutant emissions (Tiwary, Colls 2010).  
HEC could therefore be used to stabilize lean burn petrol engines thanks to the faster 
flame speed and extension of the lean limit, consequently helping them gain a larger 
market share in the future. Their comparable efficiency to diesel engines would 
reduce transport related fuel consumption while petrol vehicles could regain some of 
the market share lost to diesel ones. Lean burn petrol engines emit more PM than 
stoichiometric engines but less than diesel engines (EC 2005a) and thus there could 
still be a net decrease in PM emissions. Regaining some market share from diesel 
engines would also reduce the proportion of NO2 in overall NOx emissions which as 
discussed in previous chapters is becoming an increasing problem in European urban 
areas. 
Lean burn petrol engines are in fact seen by many as the future of petrol engines (Folz 
2000, Kimberly 2005, Toyota 2001b) and by 2015 their market share is expected to be 
10% of that of petrol engines (EC 2005a). HEC could also be used in lean burn CNG 
and LPG SI engines in an effort to make these engines even more sustainable when 
their use will become more widespread (Dimopoulos et al. 2008). Lean burn petrol 
engines are also used in Toyota and Honda hybrids which are already equipped with 
energy recovery devices (Toyota 2011c, Honda 2001). 
The synergistic effects of HEC (as seen from the results obtained and the ability to 






, HC, CO and CO2 emissions from such vehicles. Nonetheless exhaust 
after-treatment would still be required because the reductions in emissions compared 
to stoichiometric engines with TWC would not be high enough. This would result in 
lower tailpipe emissions because at source these would be much less – therefore 
opening the doors for stricter vehicle emissions regulations to protect human health 
and the environment. HEC in lean burn engines could also result in lower fuel 
consumption since as shown by the results from engine 2, in general for lean mixtures 
the power output increase by hydrogen addition was greater than the power consumed 
in producing the hydrogen and thus HEC could be self sustaining.  
In fact, the biggest improvements in performance in engine 2 with hydrogen-oxygen 
gas addition were seen at very high AFRs. However these did not coincide with 
operation at peak output power or efficiency because engine 2 was not designed for 
lean operation. In a lean burn engine the combustion process is optimized to achieve 
peak power and performance at high AFRs (Gerber, Devine 2003). Lean burn engines 
make use of advanced electronic combustion control (Packham 2007) and air-fuel 
mixing techniques to ensure that the lean mixture burns completely and stably. 
Among the methods used to stabilize combustion in lean engines are direct fuel 
injection (Toyota 2001), stratified combustion (AE 2002), combustion pre-chambers 
(Gerber, Devine 2003), twin spark ignition (Honda 2001) and pre-mixing air and fuel 
upstream of a turbocharger (Packham 2007). Therefore HEC could improve further on 
these methods to provide an ideal match between improvements in pefromance and 
reductions in emissions. However, this is to be proven by testing HEC in engines 
designed for lean operation. 
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 Even though NOx emissions were not measured during the tests lean operation beyond Lambda 1.1 




6.3. Future Work 
Hence tests should be carried out to verify whether the results obtained from engine 2 
by adding hydrogen-oxygen gas to very lean mixtures would be similar in an engine 
designed and optimized for lean burn operation. Transient tests should also be carried 
out to show the effects of adding hydrogen on engine performance and emissions 
during acceleration and deceleration. Testing could also be extended to CNG and 
LPG powered engines while system optimization and control would be integral, as 
discussed earlier to ensure that a net power gain is achieved when considering the 
power consumed for onboard hydrogen production. 
6.4. Concluding Remarks 
In conclusion, the answer to the question “How and if can HEC be used to improve 
the efficiency and pollutant emission characteristics of IC engines and thus make 
transportation more sustainable?” would be that HEC seems to have the most 
potential in helping to stabilize combustion and reduce HC emissions in lean burn SI 
engines, which are a more sustainable alternative to stoichiometric SI engines. 
However, this does not mean that the sustainability issues of the transportation sector 
would be solved but that these would be reduced until it will be decarbonised through 
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